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ABSTRACT
The effect of coma and astigmatism on subjective quality of image
of sinusoidal and square-bar targets is simulated by using digital
processing system. A suprathreshold method is employed in
psychophysical discrimination experiments. We determine the
robustness of some image quality metrics that can be employed
during automated production of visual instruments by examining the
correlation between subjective results and objective measures. These
include the variance of the wavefront aberration, the Strehl ratio,
the radius of 84% encircled energy of the point spread function
(R84), the modulation transfer function (MTF) and the integral of
the MTF across the frequency range of interest (MTFa). For the
target orientation that is most affected by the aberrations, we find
that MTFa and R84 give good correlation with subjective result,
while the Strehl ratio and the variance do not. In addition, we find
that the MTFa correlates with subjective results for all orientations.
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is used here to indicate a lens system
that is employed for enhancing vision, such as a telescope. Although
such instruments have been around for centuries, their subjective
image quality is not well understood. The reasons include inadequate
knowledge of the characteristics of the eye and insufficient
experimental results on the eye-instrument system. The critical
characteristic of such instruments is that they are coherently coupled
to the eye that means no real image formed between instrument and
eye, and thus can not be considered in isolation. Conversely, naked-
eye data are not necessarily applicable to predicting behavior with a
visual instrument.
It has been demonstrated that the most often used criteria (MTF and
the Strehl ratio measurements) fail to correlate with subjective
performance [Burton and Haig, 1981,1984]. The work of Giles [1977],
Charman and Whitefoot [1978], and Mouroulis [1981, 1982, 1988] has
provided some answers to why that should be the case. However, no
alternative image-quality criterion has emerged [Burton and Haig,
1984]. There are still some serious gaps in the current knowledge;
for example, the combinations of aberrations have not been
investigated. Moreover, the question of objective-image quality
metrics that correlate well with subjective performance has remained
unanswered. This is largely because there are not enough
experimental performance data on which to base a model. Our
research concentrates on these unanswered questions.
Instrumental image quality is characterized by aberrations which may
be inherent in the optical design, or may be due to manufacturing
tolerance. Of the various aberrations potentially present in a design,
the most troublesome are coma, astigmatism, field curvature and
transverse color. Recent research with chromatic aberrations in visual
optical instruments suggests that they are less detrimental to
perceived image quality as far as detection and resolution tasks are
concerned [Mouroulis and Woo, 1988]. A large amount of transverse
color will give rise to color fringing that may be aesthetically
objectionable, but will not impair detection or resolution as much as
the same amount of any monochromatic aberration. Thus our study
addresses those troublesome monochromatic aberrations, i.e. coma,
astigmatism and field curvature. There are fundamental limitations to
how much these aberrations can be corrected. The eye may add
more aberrations, but the most obvious and important of them is
defocus (accommodation), which may either be beneficial or
detrimental to the quality of the retinal image.
Object
Virtual Image







Figure 1-1. Real and Simulated
Visual Optical System
The interaction between visual instrument and eye is very complex.
In order to simplify the problem, we assume there is one-to-one
correspondence between subjective response and the retinal image.
But even if we ignore any neural processing, we are still left with
the fact that the eye is a dynamic system that constantly changes its
position, pupil size, and state of focus. Thus there are two avenues:
we can either try to simulate real life by having observers look
through aberrated instruments, or we can simulate the degradation
caused by aberrations (e.g. on a video monitor), and have the
observers view the image without any visual aid. If the latter
approach is taken, it is understood that some of the dynamics of the
eye-instrument interaction are indeed lost; the most important factors
is the dynamics of the accommodative stimulus for aided vs. unaided
vision and effect of the eye aberrations. In other words, incoherent
coupling is used in place of coherent. However, the accommodative
effects do not really affect the experimental results, especially in the
lower spatial frequencies visible to the eye because they degrade or
upgrade all simulated images in the almost same amount as long as
the corresponding defocus to different aberrations is included in
simulated image. Therefore, the correlation between subjective
measurement and objective image quality metrics remains unchanged.
Simulation of aberrations on a video monitor is employed for our
study, for two reasons. The first reason is the convenience of
introducing different amounts of individual aberrations or arbitrary
combinations. The second reason is that we are attempting to
establish image quality metrics that deserve further testing and reject
any that do not; this is best accomplished without the additional
complications caused by accommodation. In other words, we are
attempting to establish a subjective test procedure that can act as a
sieve for sorting possible objective metrics, it is understood
however, that any metrics that pass this test must be further
validated through testing and measurement with real instruments.
2. Aberrations in the Visual-optical System
All of the work referred to above and in the literature has been
concerned with isolating the effect of specific aberrations, one at a
time. While that approach is necessary, it does not help at all if we
want to predict visual performance in the presence of more than
one aberrations, which is most often the case. There is large
number of possible aberration combinations, so selection criteria
must be established.
Objectives and eyepieces are adequately corrected for spherical
aberration and coma, at least at the design stage. On the other
hand, field curvature and astigmatism can be balanced against each
other but can not be eliminated separately. Generally, the designer
opts for a solution that provides reasonably flat fields at the expense
of introducing astigmatism. Thus it is fair to say that astigmatism
is an unavoidable aberration, and is therefore chosen for inclusion
in this study. On the other hand, even though coma may be mostly
corrected in the design, it may be re-introduced as a manufacturing
defect because for mass produced system manufacturing aberrations
tend to be asymmetric or coma-like. We therefore chose to examine
the subjective performance with combinations of four wavefront
aberration terms representing astigmatism, coma, defocus (field
curvature ) and transverse focal shift.
The wavefront aberration of a rotationally symmetric system can be






+QW4/ +1 W31xr 3cos9 +2 W22x2r2cos20 +
W + Wnx3rcos0 + ( higher order terms )
where 1 is the field coordinate, r is the aperture coordinate,
and 9 is the azimuth.
W^xrcosO
1 n













2^20^ r field curvature
3WnT3rcos0 distortion
Since we consider a stationary system, that is only one field point
at a time, the term 0W20 representing axial focal shift and the term
2W20 representing field curvature can be lumped into one, so do
the transverse focal shift and distortion. High order term is also
ignored because all field dependence (denoted by the subscript before
the letter W ) does not enter the calculation and can be omitted.
Also, spherical aberration is usually negligible in a system. We then
concentrate on the following four terms:
W = Wnrcos0 +
W2Qr2
+ W31r3cos0 + W22r2cos20
representing transverse
focal shift, axial focal shift with field
curvature contribution, coma, and astigmatism respectively. The








where the area A is taken as a circle of unit radius, area n.
where W -- \\ W dA
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The optimum transverse and longitudinal focal shifts will occur
where the derivatives of the variance are equal to zero for each
shift:
dE
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Substitution into E gives the minimum variance:
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The experimental plan involves two values of coma
,
two value of
astigmatism, and four values of coma plus astigmatism ( all with the
appropriate amounts of focal shift ), giving information about how
the aberrations combine visually, as well as on the correlation
between image quality metrics and subjective performance.
3. Image Quality Metrics :
Image quality metrics used for testing an optical system include
wavefront variance, the Strehl ratio, the spot diagram, perceived
resolution, MTF and MTFA. These criteria are widely used in
design, specification, and quality control.
The wavefront variance can be measured by interferometry, and
interpreted to an aberration polynomial to assess an imaging system.
It is phase term of the pupil function.
The Strehl ratio is defined as intensity of central maximum of the
point spread function at best diffraction focus, divided by the
intensity of the central maximum of the point spread function in the
absence of aberrations. The variance and the Strehl ratio I are





[ Born and Wolf, 1975 ]
which shows that the relationship between I and E is nonlinear.
Actually, the Strehl ratio is calculated via Fourier transform of the
pupil function and determined as the normalized peak value of the
point spread function, without resorting to the above approximation.
The Strehl ratio is used for well-corrected systems. It can also be
obtained by measuring intensity in a star test. However, since only
the intensity of the center of the PSF is considered, the reliability
of this metric is questionable, especially when the Strehl ratio is
lower than 0.5. In that case, the spread of the energy affects image
quality more than the value of the central peak. When the Strehl
ratio I>0.8, it is approximately equivalent to the Rayleigh criterion
since the wavefront aberration tolerance of each is very strict.
Therefore, both criteria are not practically useful except when very
high quality is demanded, e.g. in microscope objectives.
The spot diagram is a ray-density representation of the PSF, that
can be found by numerical ray tracing. The quality of a system
that is not very well-corrected can be assessed this way. There is
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no common spot diagram standard. Many points in both field and
focal range are needed to evaluate a system.
Resolution is the minimum separate distance necessary to resolve two
targets by a system. It is widely used in lens testing. Theoretically,
resolution can be computed from the PSF by intense calculation
involving conditions including luminance, contrast, field of view and
object orientation. In practical sense, a standard resolution square-bar
or
'c'
shape target board is used with specific luminance in both
sagittal and tangential orientations along the whole field of view of
the optical system. There are many resolution standards for a
variety of optical instruments.
The optical transfer function can be expressed as
D(u, v) = T (u, v) exp [i 0 (u, v)]
where u and v are spatial frequencies.
The modulation transfer function ( MTF ) is
T (u, v) (u, v) /M (u, v)
where M'(u,v) is the contrast of a sinusoid grating of frequency u,v
in image space, and M is the contrast of a sinusoid grating in
object space. 0 (u, v ) is phase transfer function ( PTF ), that specifies
the shift at the image plane.
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The MTF can be computed either by the Fourier transform of the
PSF or by autocorrelation of the pupil function for incoherent
illumination. It is an overall image quality metric because image
quality in different frequencies, fields, and orientations can be
investigated respectively while the disadvantage is that MTF involves
many measurements.
To derive a numerical figure of merit from the MTF curve as an
image quality metric, the area under the MTF has been used. The
MTFA, which is the name usually given to the area between the
system MTF and the visual contrast threshold curve, was introduced
by H.L. Snyder (1973). E.M. Granger (1972) used the area under the
MTF when plotted on logarithm scale of spatial frequency for
photographic systems, and called it the subjective quality factor SQF.
SQF is defined as the integral of the system MTF (including lenses
and films) between the limits of 10-40 cycles/mm when the MTF has
been scaled to the retina of the observer by the magnification of
the system, which includes the eye. We introduce a metric MTFa,
which is defined as area under the MTF curve between the spatial
frequency 6-24 cycle/degree. The reason that MTFa is introduced is
that: (1) it is a simple metric; (2) we use cycle/degree as a spatial
frequency unit in visual-optical system instead of cycle/mm in
photographic system; (3) target with spatial frequency under 5
cycle/degree is large, and above 25 cycle/degree is too fine to affect
13
visual discrimination, therefore, these areas should be excluded.
MTFa is a simple number to assess overall frequencies. Like MTF,




The simulation system generates the aberrated images by computer
instead of with optical components. An image is generated from an
object and the model of an optical system. The final image can be
displayed on a high-resolution monitors. The advantage of the
computer is that many different aberrations can be simulated without
changing hardware.
The facilities available are a HP Vectra RS/20 computer, a
Mitsubishi color monitor and Pepper Pro1280 display board by
Number 9. The HP Vectra RS/20 is based on the Intel 80386
processor that has 2MBytes of RAM and operates at 20MHz CPU.
All computation are processed in 64x64 array and only the central
part of point spread function (approx. 16x16) contains any significant
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energy. The monitor has 1280 pixels in the horizontal direction and
1024 pixels in the vertical direction with resolutions of
0.3125mm/pixel and 0.2754mm / pixel respectively. The NNios
Developer's Toolkit which includes the software and documentation
for programing Pepper board is used for presenting aberrated
images on the monitor.
2. Theoretical Basis of Simulation:
Basically, any 64x64 or smaller data file can be used as the input
object. We can obtain an image of the same size as one formed
through an optical system. Enlargement is not considered as monitor
resolution affects image quality. We concentrate on objects that are
periodical in one dimension, e.g. sinusoids, because of our
experimental approach and presentation speed.
The idea of aberration simulation is to convolve the aberrated PSF
with the object. Convolution is done numerically in the frequency






The wavefront aberrations can be transferred to rectangular
coordinates W(x,y) by
x = rsin0 and y
= rcos0
Then we obtain the pupil function:
P(x,y) = T(x,y) exp(-i kW(x,y))
where T(x,y) is the pupil amplitude transmittance function.
The amplitude point spread function is then found through inverse
2D FFT:
PSF amplitude (u,v)= const JJ P(x,y) exp(i 2n (ux+vy)) dxdy
where u, v are coordinates in spatial domain.
From the amplitude PSF, the normalized intensity point spread
function is found:
PSF intensity (u,v) = I PSF amplitude (u,v) In
I2
The optical transfer function is obtained by 2D FFT :
OTF(x',y')=const JJ PSF intensity (u,v) exp(-i27i(ux+vy)) du dv
where x'=x/(wavelength X focal length)
y'=y/(wavelength x focal length)
are defined as spatial frequencies.
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A 64 X 64 pixels object is used, and the 2D FFT yields its
frequency representation F(x', y'). The Fourier transform of the
required image I(x',y') is then given by:
I(x\ y') = F(x\ y')
*
OTF(x', y')
The final image in spatial domain is obtained by inverse 2D FFT
for I(x\ y1) :
Image (u, v) = const jj I(x', y') exp(i27r (ux'+vy'))
dx'dy'
The image data file can not be presented on the screen directly as
intensity because of non-linear transfer characteristic of the monitor.
Y
monitor dala filer
where y = R, orG, orBfor three gun of the monitor.
It is found R=2.71 G=2.32 B = 2.38 for the monitor. After
transforming the data, the intensity of image is linearly related to
the data.
18
3. Specification of Aberration Conditions
The diffraction limited image is chosen as a comparison. The Strehl
ratio I = 0.8 is also selected for individual coma and astigmatism.
According to the formula in section 2 of the introduction:
12 1 2
E= W + Wc






conditions 2 and 3 are W31 = 0.62, W11 = -0.41 and W22 = 0.36, W20
=-0.18 respectively. The sum of them is condition 4 to find the
effect of aberration combinations. More astigmatism is the second
combination case, condition 5, with lower Strehl ratio. All
aberrations are increased by 3/2 to give another four sets of
aberration conditions, for a system that is not well-corrected in the
low Strehl ratio range. Therefore, nine aberration conditions are
chosen as shown on the table:
19
CODE ABERRATIONS (X) STREHL RATIO
W3i W22 Wn W20
Al 0.00 0.00 0.00 0.00 1.00
A2 0.62 0.00 -0.41 0.00 0.80
A3 0.00 0.36 0.00 -0.18 0.80
A4 0.62 0.36 -0.41 -0.18 0.65
A5 0.36 0.62 -0.24 -0.31 0.49
A6 1.00 0.00 -0.67 0.00 0.57
A7 0.00 0.50 0.00 -0.25 0.66
A8 1.00 0.50 -0.67 -0.25 0.39
A9 0.50 1.00 -0.33 -0.50 0.17
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III. PSYCHOPHYSICAL EXPERIMENT
1. Psychophysical Experiment Method:
In the past fifteen years, Two kinds of visual performance
experiments have been employed to determine the aberration
tolerances for visual-optical systems. The first kind involves contrast
or resolution threshold measurements, as the methods to determine
the contrast sensitivity curves for the aberrated targets. Giles
examined tolerance for spherical aberration, coma, and astigmatism
[1977], while Mouroulis measured the interaction between astigmatism
and field curvature [1982] and longitudinal chromatic aberration
[1988] by this method. Only one target need be presented at a
time. The contrast is decreased until observer can no longer detect
the image. The test is also done the other way, that is, by
increasing the contrast from below threshold and recording the
contrast at which observer can see the image. The average of these
21
two values is the threshold for a combination of aberration and
spatial frequency. A ratio scale for subjective measurement can be
set in terms of threshold for the diffraction-limited image.
Resolution threshold is similar to contrast threshold, but the visual
requirement is to judge whether the targets are resolvable.
The second method is to measure suprathreshold sensory difference
among stimuli. The rank-order method, the paired-comparison
method, the rating-scale method and the category method are usually
employed. Forced choices of paired comparison was used by Giles
in the second part of his experiment [1977], and fully employed by
Burton and Haig in their target discrimination experiment [1984].
Unlike the threshold method, if compared with diffraction-limited
image, paired comparison gives minimum aberration tolerance
because it is a just-noticeable-difference between different images. In
this sense, it gives a more strict criterion for image quality than
the threshold method.
The suprathreshold measurement is chosen for our experiment
because of the aberration simulation. When presenting sinusoidal
targets through an aberrated instrument, it is possible to vary their
contrast and thus determine contrast thresholds for the particular
aberration condition examined. When the aberrations are simulated
on a monitor, this is no longer possible: any change in target
22
contrast is equivalent to a change in aberration, since the only effect
of the aberration is to change the contrast of the sinusoid (phase
shifts are not relevant for a single frequency). Therefore, a supra
threshold contrast discrimination technique must be used.
2. Choice of Visual Tasks and Targets
The two most fundamental properties of an image in the sense
examined here are contrast and edge sharpness. The sinusoidal
targets isolate contrast and a single edge isolates sharpness.
Sinusoidal targets of various frequencies and both high and low
contrast are used in the contrast discrimination experiment. The high
contrast targets are normally unit modulation gratings, the contrast
of which is degraded depending on the particular aberration
condition. For the contrast test, we set the target contrasts so that
the worst aberration condition degrades the image to just above the
detection threshold level for the spatial frequency concerned. Wide
square-bar targets with edges of medium contrast are employed for
sharpness discrimination. The bar width is much larger than the
edge spread caused by aberrations, so the overall contrast is not
affected. When asymmetric aberrations are considered, there can be
a difference between the blurring seen for a bright-to-dark vs. a
dark-to-bright edge. The wide bar contains both edges, and the
23
average degradation is taken as objective measure of edge blur.
Also, narrow square-bar targets are tested as the combination of
both of contrast and sharpness degradations. Figure 3-1, 3-2, and 3-3
shows the example of comparison targets.
We now consider the question of the choice of spatial frequencies
for the sinusoidal targets. The human eye can detect the object from
0 to 60 cycle/degree in very high contrast. The real objects observed
by visual optical instrument are not high contrast targets in most
cases. We note that at frequencies less than 5 cycle/degree all MTFs
are similar for reasonably well-corrected system, so no information
is lost; on other hand, at frequencies higher than 25 cycle/degree the
MTF of even a well-corrected system may approach zero, at least
off-axis. Furthermore, the angle magnification of visual optical
instruments reduce the importance of high spatial frequency. Thus 4
discrete spatial frequencies in the range of 6 to 24 cycle/degree are
selected for contrast discrimination experiment. When the images are
displayed, each luminance value corresponds to two pixels on the
screen for two reasons. The first reason is to obtain the required
spatial frequency range with appropriate observation distance. The
second reason is that one pixel line is influenced by luminance of
the line next to it. By doubling the number of pixels corresponding
to a given luminance value, we obtain a better agreement between
the computed and the displayed contrast. The pixel is 0.3125mm(h)
24




Figure 3-2. Low Contrast Sinusoidal Targets
26
Figure 3-3. Wide and Narrow
Square-Bar Targets
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X 0.2754mm(v). Since sinusoidal targets are presented horizontally,
SF04 is 8x0.2754mm = 2.2mm/period on the screen, or frequency is
1/2.2 = 0.454/mm. Observers sit 3m from the screen, so the
subtended angle to a period of SF04 is: 2arctan(2.2/2/3000) = 0.0421
degree, which is equivalent to 24 cycle/degree in the frequency
domain. By same calculation, we obtain four tested frequencies in
cycle/degree:
SF04( 8 pixels/period) 24 cycle/degree
SF06(12 pixels/period) 16 cycle/degree
SF08(16 pixels/period)
- 12 cycle/degree
SF16(32 pixels/period) 6 cycle/degree
There are two Nyquist frequencies of interest: One is achieved by
diffraction limit in optical sense, while another is obtained by
sampling in digital
processing. Burton and Haig [1984] matched the
two frequencies in order to guarantee that no high frequency
information lost by diffraction of artificial pupil, and
obtain Nyquist






lmf = 3773.58 cyc/rad = 65.86cyc/deg
530 x 10 mm





m cyc/mm by Fourier transform theory in
digital processing





where Ad is pixel separation
D is distance between screen and pupil
In Burton's experiment, the flexible parameter in the above formulas
is D, which is given by:
t-. Ad 0.452mm ?*,-, ^ A,




In our experiment, we use 3mm diameter pupil instead of 2mm
because 2mm pupil affects observation, then
F =1- = ^-=
2 X L5n3m
= 5660.38cyc/rad = 98. 8cyc/deg
0 ^ X
530 x 10 mm
Double pixel separation that we use is 2 x 0.2754mm
= 0.55mm,then
Ad Ad 0.55mm c~~n , 0~
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This viewing distance can not be obtained in the experimental lab.
However, match of F0 and Fs is not a necessary condition as
long as F0 > Fs , then diffraction does not affect the finest part








The visual targets are generated on a 1280x1024 high resolution
color monitor. The screen chromaticity coordinates are x
= 0.27, y =
0.31. The background screen luminance is 45 lux, this is also the
luminance of the bright grating bar. The images to be compared
with each other are presented within 1 lux luminance difference.
The observers view the screen in a dark room from a distance of
3m monocularly, through a 3mm diameter artificial pupil positioned
as close to the eye as could be achieved with reasonable comfort.
The purpose of the artificial pupil is to keep the pupil size constant
30
for all observers and to reduce eye aberration, but 3mm diameter is
not small enough to ensure diffraction-limited performance by the
eye, and some small residual aberration remains. Actually, 1mm
diameter pupil gives a diffraction-limited image at the retina, but
such a small artificial pupil is difficult to observers to use and
affects their judgement. It is not necessary, however, to reduce pupil
size in order to limit eye aberration because the eye aberrations can
not compensate for the aberrations presented on the monitor, which
is incoherently coupled to the eye. Thus the experiment result is
not affected by pupil size (refer to discussion about experiment
significance in the first section in chapter I).
The subtended angle is calculated by the following formula:
X = 2arctan
2x3000
where Ad is distance on the screen in mm.
The screen diagonal subtended approximately 9 degrees at the
observer's eye. The gratings contain at least 4 periods, and
subtended 2 degrees by 0.7 degree, with the grating lines horizontal.
Two of them are presented for paired comparison. The separation
between the two gratings is 0.3 degree. Bar targets are brighter
than the background with contrast 0.33. The wide bar subtends 0.26
degree and the narrow bar subtends 0.032 degree.
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4. Experimental Procedure:
There are total 9C2= 9! / 2! / ( 9 - 2 )! = 36 paired comparisons if 9
aberration conditions are to be compared between them. Each
comparison is repeated 5 times by each of the 4 observers, for a
total of 20 times. Each session has 36 comparison, and an
experimental set is composed of 20 sessions, i.e. 720 observations
for a given frequency and contrast. To avoid systematic errors
caused by any possible preference for the top or bottom image, we
ensure that the two sinusoids being compared have an equal
probability of appearing at the top or the bottom of the screen.
Then any possible error caused by observer preference, or a small
luminance variation across the screen is successfully avoided.
After adapting for a few of minutes, the observer was asked which
image, of two, has better contrast or edge sharpness. There were
two training sessions for each observer. Then real experiment started
and lasted around 15 minutes for a session. No more than 6
sessions were taken once for a observer. The judgement is printed
and then recorded in the raw data sheet. See appendix 1. 7200
observations are formally recorded.
32
5. Statistical Data Processing:
Raw data are found in Appendix I, and statistically processed data
are found in Appendix II. SUMMAT is the matrix shown how
many times the observers judged A1 to be better than An in the
first column, A2 better than An in the second column, and so on.
PMAT is the probability matrix derived from SUMMAT by dividing
all values by 20, times of each paired-comparison. There are a
number of ways to transfer PMAT to scale value [ Bartleson and
Grum, 1984]. We choose the normal distribution, which is the most
frequently used model. Values in the PMAT are converted to
standard normal deviates z using a reference table. A matrix of z
values labeled ZMAT is constructed.
When several obviously dissimilar stimuli, such as Al and A8, are
compared, the judgements are unanimous: proportion of 0 and 1.
The corresponding normal deviations are
- and + respectively,
and can not be manipulated mathematically to determine scale value.
We then adopt Guilford's [1954] suggestion that considers 0 as 0.023
and 1 as 0.977 ( corresponding to +2 or -2 on the z scale ).
Finally, we add each column of ZMAT to obtain SCLMAT. This
reduces the error of a single paired comparison and is equivalent to
a value of multiple paired comparison.
SCLMAT is the matrix of
33
subjective measurement of the aberrated images from Al to A9 in a
scale range of -16.00 to +16.00.
34
IV. RESULTS AND ANALYSIS
1. Subjective Measurement Results
Table 4-1, 4-2 and 4-3 give the subjective results for high-contrast
sinusoids, low-contrast sinusoids and bar targets. The numbers in the
table represent a subjective measurement scale derived from
Appendix 2. The larger the number, the higher the subjective
contrast of a target.
COND./FREQ. 5.2 CYC/DEG 10.5 CYC/DEG 14.0 CYC/DEG 21.0 CYC/DEG AVERAGE
A1 11.15 12.05 13.68 13.56 12.61
A2 0.06 1.12 1.01 2.82 1.25
A3 11.54 11.30 11.41 11.00 11.31
A4 1.37 -1.34 -2.32 0.82 -1 .05
A5 2.87 1.99 2.03 0.00 1.72
A6 -13.51 -13.48 13.48 -11 .26 -12.94
A7 8.87 10.88 10.19 7.80 9.43
A8 -13.41 -14.52 -14.52 -13.36 -13.95
A9 -6.20 -8.00 -8.00 -11.35 -8.38
Table 4-1. Subjective Result for High-Contrast Sinusoid Targets
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COND./FREQ. 5.2 CYC / DEG 10.5 CYC/DEG 14.0 CYC/DEG 21.0 CYC/DEG AVERAGE
A1 9.21 11.70 11.40 12.12 12.25
A2 0.87 0.08 1.26 3.11 1.33
A3 4.15 13.17 11.08 9.37 10.91
A4 -0.07 0.00 -1.17 0.85 -1.05
A5 1.86 1.68 3.15 0.59 1.87
A6 -8.46 -13.53 -12.00 -9.00 12.37
A7 3.03 7.57 9.20 7.08 9.26
A8 -7.76 -13.39 -13.96 -12.45 -13.73
A9 -2.83 -7.28 -8.96 -11.76 -8.49
Table 4-2. Subjective Result for Low-Contrast Sinusoid Targets
From tables 4-1 and 4-2, figures 4-1 and 4-2, we can see that
the subjective measurements do not vary much in the frequency
range from 6 to 24 cycle/degree for both high and low contrast
targets. That allows us to use the average value of the four discrete
frequencies as subjective scale for sinusoids; furthermore, the low
contrast and high contrast results give essentially identical average
values. Thus the overall average of 8 values can be considered as
representative of all sinusoidal targets for a given aberration
condition. Table 4-3 gives the results for three kinds of targets,
sinusoidal average, wide bar and narrow bar.
ABERRATION A1 A2 A3 A4 A5 A6
A7 A8 A9
SINUSOID AVE 12.43 1.29 11.11 -1.05 1.80
-12.65 9.35 -13.84 -8.44
EDGE 8.42 1.87 8.45 0.68
3.13 -1 1.05 6.04 -12.96 -4.62
NARROW BAR 11.98 1.39 10.32 -0.38
2.95 -13.51 8.30 -13.05 -8.00
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Figure 4-2.Subjective Image Quality for Low Contrast Sinusoid
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The approximately horizontal curves in figure 4-1 and 4-2 do not
simply imply that sinusoidal contrast discrimination is independent of
spatial frequency, because the points on any one curve are derived
from different sets of statistics. However, they do show some
relations among nine aberration conditions because the sum of the
subjective scale from a set is 0, and varied from -16 to +16. Thus
we can see that the curves shrink in the low frequency region of
the low-contrast target. This is expected from the MTF prediction,
discussed later.
From table 4-3, we notice that the narrow bar results are not only
almost identical in rank (except A6 and A8), but also have close in
values as those of the sinusoidal targets for all aberration
conditions. That suggests two conclusions: (1) the narrow bar test is
essentially a contrast discrimination test; (2) the visual test result for
discrete single frequencies can be applied to certain objects composed
of several frequencies, such as a bar target. There is no big
difference between single frequency and combination of frequencies
as long as contrast discrimination is the dominant visual function.
It is also found from table 4-3 that the subjective scale values for
the wide bar give almost the same in rank for the nine aberration
conditions as the sinusoids, but the variation is less. The diffraction-
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limited case is even 0.03 worse ( subjective scale ) than 0.36
wavelength astigmatism. That suggests that it is more difficult to
detect sharpness difference than contrast difference, especially in the
small difference case, for human eyes. However, there is no
essential contradiction between contrast discrimination and sharpness
discrimination.
2. Subjective and Objective Measurements
Subjective scales of contrast and sharpness are set by psychophysical
experiment and statistics. Now we need to know the correlation
between subjective measurements and various objective metrics.
First we discuss the correlation between subjective contrast and
objective contrast. Many papers can be found on the relation
between subjective contrast discrimination and objective contrast
measurement. Most of them use threshold method to obtain just-
noticeable-difference contrast as subjective scale, then found linear
correlation with objective contrast above 0.01 [ Burton, 1981 ].
Unlike contrast matching or discrimination, our experiment used a
suprathreshold method. Figure 4-3 is a plot of the subjective scale
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vs. target contrast, with the spatial frequency as a parameter. All
interpolated curves are linear to a good approximation. The lowest
value of correlation coefficient R is 0.97. All other values are
above 0.99. Thus we can conclude that the subjective contrast
sensation is linearly related to objective contrast within the range
represented by each curve. This is in agreement with past results,
for example, those of Cannon [1979] and Kulikowski [1976]. The
curves are clearly separated into two groups, a high contrast group
on the right and a low contrast group on the left. Within each
group, the slope of the interpolated line decreases with frequency;
this is one of the points where previously published data are
inconsistent, but a similar finding has been demonstrated at least
once before [Hamerly, 1977]. Although objective contrast of high-
frequency sinusoids is degraded more than that of low-frequency
sinusoid by aberrations, the human eye discriminates the difference
among low frequency sinosoids as well. That is why the slope
decreases with spatial frequency. The reason of other papers show
different results is that they used different method (either threshold
or suprathreshold) to obtain subjective scale, or even different scale
itself, i.e.
just-noticeable- difference.
Another question concerns the difference in slope for high and low
contrast sinusoids at the same spatial frequency . This is because we
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examine each high contrast target and low contrast target as a
separate experiment, in order to reduce the number of presentations
from 6120 to 720 for each frequency. The subjective scale must be
in the range of -16 to 16 because of paired-comparison and
statistical method, independent of the contrast group. So we can not
conclude whether or not there is a linear relation between objective
and subjective measurement in the whole contrast range. To know
the answer , we would have to select two or three points from both
high and low contrast target to form a new experimental group. If
there was still a linear correlation despite of slope, we would prove
that human eyes respond contrast above 0.02 linearly. The answer to
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Figure 4-3. Correlation Between Objective
Contrast and Contrast Discrimination
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We also plot the results for the narrow bar target in middle of the
figure 4-3; it is interesting to see that those, too, follow a good
linear relationship. Therefore, the linear correlation between
subjective and objective contrast not only apply to a single spatial
frequency sinusoid, but also the target with the combination of















EDGE BLUR, 0.1-0.9 (mm)
Figure 4-4. Correlation Between Objective
Sharpness and Sharpness Discrimination
Second, we use the subjective results of the wide-bar experiment to
examine the correlation between objective sharpness and sharpness
discrimination. The average of extent edges of dark-to-bright and
bright-to-dark, measured between the 10% and 90% intensity points,
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is taken as objective measurement. Figure 4-4 shows the correlation.
We can see the parabola relation fits better than linear relation
(R2=0.957), that may result from non-linear sharpness discrimination,
better in more blurred edge and worse in a small amount blur.
Notice that two points in the left side of figure 4-4 are almost
same subjective value. This is because 10% - 90% edge blur of
diffraction limited condition and 0.36 wavelength astigmatism is as
small as pixel separation, so that experimental condition limits the
visual detection of sharpness at this level of blur. Thus the
experiment is not accurate enough to conclude that sharpness
discrimination is non-linearly related to edge spread.
Since there is, unlike contrast, no objective sharpness standard, our
choice of representing the edge by the edge spread at the 10% to
90% points merits a brief discussion. Ideally, one should identify the
most important perceptual attribute of an edge, for example, slope
or edge spread, and use that as a variable for describing the
results. Since the observers are asked to judge edge blurring, the
perceived extent of edge is the most relevant parameter, but it is
not clear that the
observers'
response would be determined by the
10% and 90% points. The procedure followed was to try different
definitions of the edge spread and choose the one that correlates best
with the subjective results. However, for the alternative definitions
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tested, the correlation coefficients are very close, so no particular
merit has been seen to any choice. We use 10% and 90% points as
they are a common choice.
3. Correlation Between Subjective Result and the Wavefront
Variance.
ABERRATION A1 A2 A3 A4 A5 A6 A7 A8 A9
VARIANCE(10E-3) 0.00 5.34 5.40 10.74 17.82 13.89 10.42 24.31 45.14
SINUSOID AVE 12.43 1.29 11.11 -1.05 1.80 -12.65 9.35 -13.84 -8.44
EDGE 8.42 1.87 8.45 0.68 3.13 -11.05 6.04 -12.96 -4.62
NARROW BAR 11.98 1.39 10.32 -0.38 2.95 -13.51 8.30 -13.05 -8.00
Table 4-4. Wavefront Variance and Subjective Measurements
Table 4-4 gives the wavefront variance and subjective measurements
for sinusoidal average, edge and narrow bar. The figure 4-5 is a
plot of those data. We can clearly see the wavefront variance fails







Figure 4-5. Correlation between Subjective
Measurement and the Variance
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4. Correlation Between Subjective Result and the Strehl
Ratio.
ABERRATION A1 A2 A3 A4 A5 A6 A7 A8 A9
STREHL RATIO 0.99 0.80 0.80 0.65 0.49 0.57 0.66 0.39 0.17
SINUSOID AVE 12.43 1.29 11.11 -1.05 1.80 -12.65 9.35 -13.84 -8.44
EDGE 8.42 1.87 8.45 0.68 3.13 -1 1.05 6.04 -12.96 -4.62
NARROW BAR 11.98 1.39 10.32 -0.38 2.95 -13.51 8.30 -13.05 -8.00
Table 4-5. The Strehl Ratio and Subjective
Measurements
Table 4-5 and figure 4-6 show little correlation
between subjective
measurements and the Strehl ratio for three kinds of
targets. So the
Strehl ratio is not a proper image quality metric. The
reason is that
the Strehl ratio is only one peak
point value of PSF, regardless of
the shape of entire PSF and direction of
object.
After a careful look, something interesting is
found. There are four
lines, each contains 3
aberration conditions for sinusoidal average in
figure 4-6, Which are Al, A3
and A7; Al, A5, and A9; Al, A4,
and A8; Al, A2 and A8
from flat to steep slope. We
know the
first group is
astigmatism only, in the second group
astigmatism is
the dominant aberration,
in the third group coma is the
dominant
aberration, and in the












































































Figure 4-6. Correlation between Subjective
Measurement and the Strehl Ratio
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can conclude that human eye prefers astigmatism to coma at same
Strehl ratio, at this orientation of the object. The Strehl ratio may
be a useful quality metric only one kind of aberration or aberration
combination is involved.
5. Correlation Between Subjective Measurement and the
R84 value
The R84 is defined as the radius of 84% encircled energy of the
point spread function from the center of the point spread function.
The center of the PSF is defined as the peak of the PSF or the
center of highest surrounding if there is no peak. The smaller
radius of 84% energy encircled, the better image quality.
We can use a detector to find the R84 in real optical system while
an algorithm is needed to calculated the R84 in digital case of
computer simulating optics. The energy is the volume enclosed by
the PSF and is computed from center outwards. Three mathematical
models were considered, Simpson method, circle model and square
model.
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Figure 4-7 shows that Simpson method use the value of a point as
the volume of that point surrounded by 1 unit square area. It is
found the result is not accurate enough to calculate the R84.
Figure 4-7. Simpson Method
Figure 4-8 shows the circle model. The volume under the PSF
within circle by circle from the center is calculated so that it gives
exact the R84 for circular symmetric case, such as diffraction
limited PSF and astigmatism with minus half defocus aberration. But
unfortunately the R84 error
for unsymmetrical aberration, like coma
or combination of aberrations, is beyond tolerance. That results in
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some unacceptable result for aberration condition A9, A6 and so on.
Therefore, circle method can not be employed to calculate the R84.
frf//fc.
Intersection ol ai/erage i/a(ue
Figure 4-8. Cycle Model
Figure 4-9 shows that the square model uses diagonal square, for
example, (2,0), (0,2), (-2,0), (0,-2) are four comers of the square,
as the border of cycle. The volume of two prisms of each side of
border is calculated as the energy of that cycle. Since we do not
know which pair of diagonal points connect in a unit square of the
PSF
,
for example, either (0,1) with (-1,0), or (0,0) with (1,-1), we
calculate both cases and take average value of them. There is no
such a coincidence that the boundary of 87% of total energy is
50
right on a diagonal square, so we take volume proportion as point
value of radius. All radius are multiplied by a coefficient 0.625 to
obtain the R84 in mm in term of real pixel size of the monitor.
The R84 calculated from square model is best we can achieve
because of the limited number of data points of the point spread
function. To confirm the R84 calculation is acceptable, we plot
figure 4-10 to show encircled energy vs. radius of the PSF in
diffracted-limited condition. The curve in figure 4-10 is quite
similar to theoretical one, and 84% encircled energy is close to
right position as well. This is the most difficult condition to obtain
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Figure 4-10. Comparison Calculated Encircled
Energy of the PSF with Theoretical Curve
ABERRATION A1 A2 A3 A4 A5 A6 A7 A8 A9
R84 (mm) 1.24 2.00 1.56 2.06 1.84 2.71 1.68 2.80 2.41
SINUSOID AVE 12.43 1.29 11.11 -1.05 1.80 -12.65 9.35 -13.84 -8.44
EDGE 8.42 1.87 8.45 0.68 3.13 -1 1.05 6.04 -12.96 -4.62
NARROW BAR 11.98 1.39 10.32 -0.38 2.95 -13.51 8.30 -13.05 -8.00
Table 4-6. R84 and Subjective Measurements
Three graphs in figure 4-11 show good correlation between
subjective measurement and the R84. No big difference between the
different kinds of objects is found. Even the lowest correlation



































Figure 4-11. Correlation between Subjective
Measurement and R84
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high as 0.96. That tells us the R84 is a useful image quality metric
for a variety of objects and conditions because of good linear
relation with visual performance. Another advantage of R84 is that
only one value is needed to access a visual optical system for worst
degradation case regardless of other conditions, such as object
orientation, contrast and composition.












Figure 4-12. MTF at Experiment Orientation (Tangential)
Figure 4-12 shows MTF curves
for the various aberration
conditions. Comparing figure 4-1 and 4-2,
subjective measurements
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for both high and low sinusoid targets, we can find nine aberration
conditions are in the same order and have similar spacing between
them from top to bottom in the three drawings. But unlike MTF,
the difference between nine conditions in the low frequency range
of subjective measurement is almost the same as that in the high
frequency range even though there is only less than 0.01 objective
contrast difference in low contrast sinusoids. That means that the
human eye can distinguish contrast difference in the low frequency
range equally well as in high frequency range although there is
more contrast difference in higher frequency according to the MTF
curves. The reason might be that observers determine preference
easier in 6 and 12 cycle/degree than 16 and 24 cycle/degree because
the higher frequency fringes make observation and judgement harder.
So the space difference for the aberration conditions in MTF curves
does not make a real sense for visual performance. Surprisingly, the
detail of subjective measurement for both of high and low contrast
targets, however, give us a similar shape to that of MTF, for
example, A9 goes downwards to cross A6 and A8 at around 20
cycle/degree. That suggests MTF gives accurate information of
subjective response for every frequency in a particular case of image
formed by a visual optical instrument. We
still need many more
MTFs to consider object orientation and field of view. So MTF
contour (it will be discussed in object orientation later in this
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chapter ) is highly recommended as an image quality metric to judge
visual optical systems, although it is not a simple number.
To simplify the MTF curve, MTFa is another image quality metric,
that is defined the area under MTF curve in a specific frequency
range. Table 4-7 gives us MTFa value for 9 conditions in frequency
range from 6 to 24 cycle/degree which is the frequency range of
subjective measurement. Figure 4-13 shows correlation between
subjective measurement and MTFa for three kinds targets. Two
excellent linear correlations (coefficient above 0.99 ) are given for
sinusoid and narrow bar targets while a good linear correlation 0.96
is for wide bar targets. In general, MTFa is a simple and accurate
image quality metric for visual optical instruments, but we should
notice that so far MTFa is only for the orientation of the worst
degradation; other orientations are considered later.
ABERRATION A1 A2 A3 A4 A5 A6 A7 A8 A9
MTFa 10.55 8.78 10.13 8.51 8.87 6.65 9.78 6.41 7.1 1
SINUSOID AVE 12.43 1.29 11.11 -1.05 1.80 -12.65 9.35 -13.84 -8.44
EDGE 8.42 1.87 8.45 0.68 3.13 -1 1.05 6.04 -12.96 -4.62
NARROW BAR 11.98 1.39 10.32 -0.38 2.95 -13.51 8.30 -13.05 -8.00



















Figure 4-13. Correlation between Subjective
Measurement and MTFa
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7. Object Orientation Factor
The point spread function with coma or astigmatism is not
rotationally symmetric. Therefore, the degradation of image depends
on object orientation. Figure 4-14 shows MTF contour of aberration
conditions Al, A2, A3 and A4. The MTF in the horizontal
direction drops faster than other directions if coma exists.
Astigmatism at best focal plane seems to give an almost rotationally
symmetric MTF, or a little worse at 45 degree diagonal. It is still
better than most orientations for coma.
In our experiment, we chose the worst degradation case, i.e. the
sinusoidal bars or square bars are perpendicular to the worst
degradation direction, horizontal in MTF contour. MTF contour
explain well why the subjective measurement of coma is much
worse than that of astigmatism in a same Strehl ratio (0.8 , A2 and
A3 ) because MTF of coma in the observation frequency range and
orientation is much worse than that of astigmatism. But what is the
case if we rotate object 45 degree which is the worst degradation
direction of astigmatism? To really answer this question, we need
only generate the images
at 45 degree orientation, and determine the
resulting contrast.
Then a subjective image quality is inferred for
both high and low contrast objects, figure 4-15, in terms of contrast
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Figure 4-15. Inferred Subjective Result
at 45 Degree Object Orientation
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of the image from the linear regression lines. We find that the
subjective measurement of coma is still worse than that of
astigmatism in same the Strehl ratio (0.8 , A2 and A3) as the MTF
of coma at diagonal does not look better than that of astigmatism.
However, the images where astigmatism is the dominant aberration
(A5 and A9) become worse than images where coma is the
dominant aberration (A4 and A8), because the coma effect is less
at 45 degree. Generally speaking, coma degradation is much more
depended on object orientation than astigmatism at the best focal
point, and coma is more severe at most orientation for the same
Strehl ratio.
Another concern is how subjective measurements correlate with
objective image metrics. Table 4-8 and 4-9 give us the correlation
coefficients for 0 degree and 45 degree.
MTFa R84 Strehl Variance
sinusoid 0.99 0.98 0.82 0.66
edge 0.98 0.98 0.75 0.57
narrow bar 0.99 0.99 0.73 0.64







Table 3-9. Correlation Coefficients at 45 Degree
We conclude that R84 and the MTFa are correlated with subjective
measurement very well while the Strehl ratio and the variance fail
at tangential orientation (0 degree). At 45 degree a rather curious
result is the good correlation between the Strehl ratio and the
interpolated sinusoidal results. We examine the data more closely and
discover that the correlation shows strong dependence on the grating
frequency. This correlation appears accidental. Since the Strehl ratio
is independent of target orientation, one such orientation may be
found that gives good correlation. This would be of no particular
importance, unless that orientation is somehow distinct and useful.
This is the case for the correlation obtained with R84, for the
tangential orientation. In other words, R84 correlates with the worst
possible target orientation, and this is useful because it provides a
lower limit of performance. But the question then arises if this is
merely accidental, just as
it is for the Strehl ratio at 45 degree.
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To answer this question, let us first note that in the case of R84
and and Tangential orientation, good correlation is obtained for both
sinusoids and edge, whereas the Strehl ratio and 45 degree
orientation case gives good correlation with the sinusoids only. Let
us further consider two very different PSFs, for example, one that
is almost rotationally symmetric and one is highly asymmetric, such
as an astigmatic line. Assume that they both have the same R84,
which in rough terms would mean that the length of the line is
about the same as the diameter of the circle enclosing the bulk of
the energy of the symmetric PSF. It is then expected that they
would both produce similar degradation for the target orientation
normal to the astigmatic line (i.e. the worst case), but very
different degradation at other orientation; at the limit, the astigmatic
line would produce no degradation if the target is parallel to it.
From this example, we can see that the correlation obtained with
R84 for worst case orientation is not accidental.
So far we can say R84 is good for the worst degradation. MTFa
depends orientation metric. It is good for both 0 and 45 degree. In
order to confirm MTFa is appropriate metric for all orientation, we
examine the correlation between interpolated subjective measurements
and MTFa for the sagittal orientation (90 degree) also. It is found
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the correlation coefficients are 0.99 for the sinusoids and 0.98 for
the edge.
8. Subjective effects of combination of aberrations
One of tasks of our experiment is to find subjective response to
combination of aberrations. From table 3-3, we can see A4, which
is combination of A2 ( 0.63 coma at best transverse defocus ) and
A3 ( 0.36 astigmatism at best longitudinal defocus ) , is a little worse
than A2. A8, which is combination of A6 ( 1.00 coma at best
transverse defocus ) and A7 ( 0.50 astigmatism at best longitudinal
defocus ) , is a little worse than A6. There is no linear relation
between image quality and wavefront aberration variance, neither
does the Strehl ratio. The subjective effect for an image with
combination of aberrations can be inferred from R84 and MTFa as
they show linear correlation. Actually , image quality is not
degraded by minor aberration much. Since coma related aberration
is critical for visual optical instrument in most object orientations,
we suggest optical designers should not try too hard to reduce
astigmatism-related aberrations, which is not a severe degrading
factor within the range of sensitive frequencies of the human eye
for coherently coupled instrument.
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V. CONCLUSIONS
1. We have established a test procedure that can be used for
preliminary sorting of possible image quality metrics for visual
optical instruments.
2. The combination of aberrations are best described by the
dominant aberration.
3. There is no essential contradiction between contrast discrimination
and sharpness discrimination.
4. The MTFa gives good correlation with sinusoidal and edge
targets for all target orientations, in the presence of asymmetrical
aberrations or aberration combinations. It appears to be the most
promising metric in terms
of providing a complete description of
the system.
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5. R84 gives good correlation with the target orientation that is
most degraded by the aberrations. This can be a useful summary
measure of the worst-case performance.
6. The Strehl ratio and the wavefront variance fail to correlate with
the subjective performance. This failure is most evident when

























































DO FFT FOR OBJECT AND PSF, THEN MULTPLY THEM TO BE IMAGE IN
FREQUENCY SPACE.
CALL OBJ (I 1,12)
DO 3 X=I1,I2







WRITE (5, 280) I, J,REAL(F1(I, J)) , AIMAG(F1 ( I , J ) )
WRITE ( 75, 300 ) I, J, REAL (F( I, J) )
WRITE (76, 300)1, J,AIMAG(F(I, J) )
F0RMAT(1X,2I5,
'
OBJECT IN FREQUENCY SPACE=
'
, 2F11 . 5 )
FORMAT ( IX, 21 5, Fl 5. 8)
C INPUT LENS AND MONOCHROMATIC WAVEFRONT ABERRATION





WRITE (5 17 )






, 211 = ',$ )
18 READ(5,40)W(M,N)
40 FORMAT (F8. 4)
C CHROMATIC ABERRATION
WRITE(5,810)



















1 3 b'UHMAT l A3 >
OPEN(UNIT=S/10
,FILE=FILEN1)

















870 FORMAT ( IX, 'WHAT WAVELENGTH IS NO CHROMATIC AERRATION9')
READ( 5,860)SC
WRITE(5,880)
880 FORMAT (IX, 'HOW MANY WAVEFRONT CHROMATIC,









print *, 'WAVELENGTH ', S
WRITE(FILEN1(13: ) ,14)S
WRITE (FILEN2( 13: ) ,14)S










R=SQRT (X**2+Y**2 ) /RL
IF (R.EQ. .0) COSCITA=.0
IF (R.NE. .0) COSCITA=Y/R/RL
60 DO 80 M=l,6
DO 80 N=0,2
WA=W ( M , N ) * (R**M ) * ( ( COSCITA ) **N )
80 SUM(X,Y)=WA+SUM(X,Y)
C81 WRITE(5,84)X,Y, COSCITA
C DO 82 Y=-NUM/2,NUM/2-l
C DO 82 X=-NUM/2,NUM/2-l
C82 WRITE(5,84)X,Y,SUM(X,Y)
84 F0RMAT(1X,2I5,F15.8)
C COMPUTE PUPIL FUNCTION




PU(X,Y)=CMPLX(PU(X,Y)*COS(2*3. 1415926*SUM( X, Y) ) ,
1 PU(X,Y)*SIN(2*3. 1415926*SUM(X,Y) ) )
C IF (REAL(PU(X,Y)) .EQ.O) GOTO 86
C PH(X,Y)=AIMAG(PU(X,Y))/REAL(PU(X,Y) )
C GOTO 115
C 86 IF (AIMAG(PU(X,Y) 1 ) 90.100.110
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CI 15 WRITE(5, 160 ) X, Y, REAL (PU( X. Y) ) , AIMAG( PU ( X, Y) ) , ATAN ( PH(X, Y) )
CI 15 WRITE (30, 170 )X,Y, REAL (PU(X,Y) )
C120 WRITE(31,170)X,Y,AIMAG(PU(X,Y))
C120 WRITE (32, 170 )X, Y, CABS ( PU(X, Y) )
C120 WRITE(33,170)X,Y,ATAN(PH(X,Y) )




, 3F11 . 5 )
170 FORMAT ( IX, 2F6. 1.F15.8)
120 CONTINUE





ANORMAL=NUM**2/( 3. 1415926*RL**2 )
PU ( X , Y ) =ANORMAL**2*PU ( X , Y ) *CONJG ( PU ( X , Y ) )
C WRITE ( 5, 220 )X,Y, REAL (PU(X,Y) ) , AIMAG( PU(X, Y) )
220 FORMAT (IX, 215, 2F15. 8)
180 WRITE(S/10, 300 )X,Y, REAL (PU(X,Y) )
C COMPUTE LENS MTF FOR INCOHERENT LIGHT
INV=-1
CALL FFT2D(PU,PU,NUM, INV)




PU ( I , J ) =PU ( I , J ) /ANORMAL
C DO 380 J=-NU/2,NU/2-l
C DO 380 I=-NU/2,NU/2-l
F(I, J)=F(I, J)*PU(I, J)
C WRITE (5, 360)1, J,REAL(PU(I, J) ) , AIMAG ( PU ( I , J ) )
340 WRITE (S/10+1, 300 ) I , J , CABS ( PU( I , J ) )
C GET IMAGE BY IFT
INV=1
CALL FFT2D(F,F,NU, INV)
DO 400 J=I1, 12




C CHROIMG ( I , J ) =CHROIMG ( I , J ) +F ( I , J ) *PLE ( S ) / ( INT ( ( S2 -SI ) /SD+0 . 5 ) )
C WRITE ( 5 , 420 ) I , J , REAL ( F ( I , J ) ) , AIMAG ( F ( I , J ) )




C400 IF(S.EQ.S2) WRITE( 95 , 300 ) I , J , REAL( CHROIMG ( I , J) )











Sample Run of Simulation Program
The simulation program PERI, PE, PERI45, PE45 are in F: \ HP
directory.
Type [PERI] to start.
Screen: GENERAL NAME OF DATA FILE
Input: three letters or numbers as your data file, i.e. [A58], then
return.




Screen: TOTAL PIXEL ALONG ONE DIRECTION N=
Input: the size of object, [8], [16], [32] or [64], then return.
Screen: INTENSITY OF OBJECT (0.0-1.0) =
Input: a float point number between 0 and 1, i.e. [1.0],
return.
Screen: SIZE OF OBJECT X (0.0-N.) =
Input: the length of a bar target less than or equal to N, i.e.
[23.8] , then return.
Screen: CENTER OF OBJECT X =
Input: the center position along horizontal direction, i.e. [0.0],
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return.
Screen: SIZE OF OBJECT Y (0.0-N.) =
Input: the width of a bar target less than or equal to N, i.e.
[4.0], then return.
Screen: CENTER OF OBJECT Y =
Input: the center position along vertical direction, i.e. [2.0],
return.
Alternative Input: [2], return
Screen: INTENSITY OF OBJECT =
Input: a float number between 0 and 1, i.e. [1.0], return.
Screen: PERIOD OF COSIN =
Input: a float point number less than or equal to object size,
i.e. [8.0], then return.
Screen: TOTAL PIXEL OF OBJECT =
Input: the size of object, [8], [16], [32] or [64], then return.
Screen: TRANSMITTANCE OF APERTURE (0.0-1.0) =
Input: a float point number between 0 and 1, i.e. [ 0.8 ], return.
Screen: THE RADIUS OF THE APERTURE (0.0-1.0) =
Input: the normalized radius of the aperture, i.e. [1.0], return.
Screen: INPUT MONOCHROMATIC WAVEFRONT ABERRATION
W10 =
Input: a float point number of wavelength W10, i.e. [0.0], return.
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Screen: Wl 1 =
Input: a float point number of wavelength W10, i.e. [0.36], return.
Screen: W62 =
Input: a float point number of wavelength W10, i.e. [0.36], return.
Screen: DO YOU WANT TO HAVE CHROMATIC
ABERRATION? (Y/ N)
WARNING: TIME CONSUMING FOR CHROMATIM
Input: [ N ], return.
Screen: F:\HP>
, Return to DOS.
Three data files are generated in F:\DRAW directory, they
are:
PSF. [filename] point spread function of simulated system
OTF. [filename] modulation transfer function of simulated
system
IMG. [filename] the image formed by simulated system
Alternative Input: [ Y ], return.
Screen: WHAT IS SPECTRUM RANGE ? ( x lOnm )
Input: two wavelengths in lOnm accuracy, i.e. [400, 720 ],
return.
Screen: HOW FAR IS THE GAP BETWEEN TWO
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WAVELENGTH?
Input: a wavelength gap in lOnm accuracy, i.e. [ 80 ], return.
Screen: WHAT WAVELENGTH IS NO CHROMATIC
ABERRATION?
Input: the design wavelength in monochromatic case, i.e. [550],
return.
Screen: HOW MANY WAVEFRONT CHROMATIC
ABERRATION BETWEEN F AND C?
Input: a float point number of design wavelength, i.e. [0.8],
return.
Screen: WAVELENGTH = 400, computing 400nm in progress.
WAVELENGTH = 480, computing 480nm in progress.
WAVELENGTH = 560, computing 560nm in progress.
WAVELENGTH = 640, computing 640nm in progress.
WAVELENGTH = 720, computing 720nm in progress.
F:\HP>, return to DOS.
Fifteen data files are generated in F:\DRAW directory, they
are:
PSF.400, PSF.480, PSF.560, PSF.640, PSF.720 point spread
functions of simulated system in given wavelengths
OTF.400, OTF.480, OTF.560, OTF.640, OTF.720 modulation
transfer functions of simulated system in given wavelengths
IMG.400, IMG.480, IMG.560, IMG.640, IMG.720 the images
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formed by simulated system in given wavelengths
The program PE has similar function and operation to PERI
without computing PSF and OTF. Contrast of object is input instead
of intensity.
The programs PERI45 and PE45 simulate aberration for a object at
45 degree with respect to sagittal and tangential orientations.
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/* Required for all NNIOS programs */
/* Language binding header file */








BYTE message [64 ]
BOOL drawLast ;
/* Info about the current device
/* Data for the app
'
s one bitmap
/* And for the app
'
s one window
/* Current device configuration
/* Device preference information
/* Handle of loaded text font
/* Size of a text string in pixels
/* Buffer for text message
*/
*
double kl2gamma[3] [3] ={ { 1.001, 0.0, 2.202 }.
{ 1.007, 0.0, 2. 544 }.
{ 1.006, 0.0, 2.430 } };
double XYZtoRGB[3] [3] = { { 0.116353101, -0.031400862, -0.037417107 },
{ -0.012552165, 0.064952516, -0.020056448 },
{ 0.010176622, 0.014034621, 0.001641835 } }:
int LUT_RGB( float cons, int dac [ ] )
{
int i , j ;
double x, y, X, Y, Z;
double XYZ[3];
double RGB[3] ;
/* Assumed white points */
/* normalized contrast multiply max Y */
/* Transform x,y,Y to X,Y,Z */
x = 0.2824;
y = 0. 3027;












/* Transform X.Y.Z to R.G.B */
for (i=0; i<3; i++)
{
RGB[iJ = 0;
for (j=0; j<3; j++) RGB[i]




* Transform R,G,L to bUL , LnJG , LCb *,






dac[i] = round(255*(pow(RGB[i], ( l/kl2gamma[i] [2] ) ) -kl2gamma[ i ] [ 1 ] )
/kl2gamma[i] [0] ) ;
return ( 1 ) ;
}
static int round(double value)
{
double intpart;
value = modf( value, &intpart);
}
if (value<half) return( ( int ) intpart ) ;







int n, i , j , color ,tf ;
float color_temp;
short u,v,p,q,xx, yy , grey_level, xxl , yyl;
float z ;
COLOR lookup_table[ 256 ];
char f ilenamel[30] ;
char f ilename2[30] ;
WORD devCount;
int IRGB[ 3 ];
char name_listl[ 36 ][ 10 ];
char name_list2[ 36 ][ 10 ];
char table_name[ 20 ];
FILE *stream;
int selection;
int done_table[ 72 ][ 3 ];
time_t current_time ;
int il, jl;
char test_result[ 2 J;
int file_index, flip_coin;
int total_number ;
printf( "\n Experiment File Table Name =
"
);






for( i - 0; i < 36; i++ )
{ f scanf ( stream, "%s %s",
&name_listl[ i ][ 0 ], &name_list2[ i ][ 0 ] )
}
fclose( stream ) ;
printf( "\n 1. Single Column
Experiment"
);
printf( "\n 2. Double Column
Experiment"
);
printf( "\n\n Selection (1/2) ==>
"
);
scanf ( "%d", &selection );
77
time( &current_time );
current_time = current_time % 1000;
fort i = 0; i < current_time ; i++ )
rand( ) ;
if (CheckNNIOS ()) /* Try to initialize NNIOS */





if ( (devCount-DeviceCount( ) ) == 0)
{




printf ("Starting NNIOS application on the %s.\n\r", device . name ) :
printf ( "Press any key to begin the application\n\r
"
) ;
printf ("and another to end it and return to DOS.\n\r");
OpenCommChannel (&device, "NNIOS Program");
GetDeviceConf ig (&dev);
if (dev. deviceClass = =40 ! dev. deviceClass==41 ) ;
SetDeviceConf ig (40);
GetDeviceConf ig (&dev) ;
printf (
"
device Class = %d \n", dev. deviceClass );
printf (
"
bitmap width = %d
\n"
, dev. displaySize );
printf (
"
depth = %d \n", dev.maxDepth );
BitCreate (&bitmap, dev. displaySize . x , dev. displaySize . y.
dev.maxDepth, FALSE, 0, "Period");
BMClear (bitmap. handle , (CINDEX) 0);
WinCreate (&window, bitmap. handle , 0 , 0 , dev. displaySize . x ,
dev. displaySize . y, 0 , 0 , dev. maxDepth, 0 , 0, 0);
/*
The drawing environment is prepared, so begin the application. The
section of code below, up to the next block comment, is the actual
application-specific code.
*/
for (color = 0; color < 256; color++)
{
color_temp




if (tf==0) for (i=0; i<3; i++) dc[i]=0;
lookup_table[ color ].r
- dc[ 0 ]
lookup_table[ color ].g dc[ 1 ]:
lookup_table[ color ].b
= dc[ 2 ]
}
SetLUT( (WORD)0, TRUE, (CINDEX)O, (WORD)256, &lookup_table [ 0 ]
FillRectf bitmap. handle, ( WORD )0, ( WORD )0, (WORD )1280,






Insert the code to draw data at center of screen
*/
total_number = 36 * selection;
for( il = 0; il < total_number; 11++ )
{ do
{ file_index = rand() % 36;
flip_coin rand() % 2;
for( jl - 0; jl < il; jl++ )
{ if( done_table[ jl ][ 0 ] == file_index &&
selection == 1 ) break;
if( done_table[ jl ][ 0 ] == file_index &&
flip_coin == done_table[ jl ][ 1 ] &&
selection == 2 ) break;
}
}
while( jl != il );
done_table[ il ][ 0 ] = file_index;
done_table[ il ][ 1 ] = flip_coin;
if( flip_coin == 0 )
{ printf ( "\nTop file name %s ",
&name_listl[ file_index ][ 0 ] );
printf ( "\nBottom file name - %s ",
&name_list2[ file_index ][ 0 ] );
}
else
{ printf ( "\nTop file name - %s ",
&name_list2[ file_index ][ 0 ] );
printf ( "\nBottom file name = %s ",
&name_listl[ file_index ][ 0 ] );
}
xxl = 400;
if( flip_coin == 0 )
{ pointer_datl = fopen( &name_listl[ file_index ][ 0 ],
"rt"
)





{ pointer_datl = fopen( &name_list2[ file_index ][ 0 ],
"rt"
)




SetColorC bitmap. handle , (CINDEX)255, (CINDEX)O );
FillRect( bitmap. handle, ( WORD )300, ( WORD )400, (WORD )700,









grey_level = (int) (z*255.0) ;
SetColor( bitmap . handle , ( CINDEX)grey_level , (CINDEX)O );




DrawLine( bitmap . handle , xxl, yyl, xxl+340, yyl );
DrawLine( bitmap . handle , xxl, yyl+1, xxl+340, yyl+1 );
}




,&xx , &yy ,&z ) ;
yy=134+yy*2+7*k:
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grey_level = ( int) ( z*265. 0 ) ;
SetColor( bitmap. handle, (CINDEX)grey_level , (CINDEX)O );
for(p=l;p<(int)(128/k); p += 2 )
yyl=yy+p*k;
DrawLine( bitmap . handle, xxl, yyl, xxl+340, yyl );
DrawLine( bitmap . handle , xxl, yyl+1, xxl+340, yyl+1 );
}
f close(pointer_datl ) ;
fclose(pointer_dat2) ;
printf ( "\n\n No. %d Test Result [ T = Top, B = Bottom ] ==> ", il+1 );
scanf ( "%s", test_result );
done_table[ il ][ 2 ] = 1;
if( test_result[ 0 ] ==
't'
1! test_result[ 0 ] ==
'T'
)
done_table[ il ][ 2 ] =0;
if( flip_coin = = 0 )
{ fprintf ( stdprn,
"
%s , ", &name_listl [ file_index ][ 0 ] );
fprintf ( stdprn,
"
%s ", &name_list2[ file_index ][ 0 ] );
else
{ fprintf ( stdprn,
"
%s , ", &name_list2[ file_index ][ 0 ] );
fprintf ( stdprn,
"
%s ", &name_listl[ file_index ][ 0 ] );
fprintf ( stdprn, %s Seq.#
%d\n"





for( i = 0; i < 36; i++ )
{ fprintf ( stdprn, "\n %s , %s ",
&name_listl[ i ][ 0 ], &name_list2[ i ][ 0 ] );
for( j = 0; j < total_number; j++ )
if( done_table[ j ][ 0 ] -- i )
{ done_table[ j ][ 0 ] = -1;
il = done_table[ j ][ 1 ] + done_table[ j ][ 2 ];





, il + 1 ) ;
}
for( j = 0; j < total_number ; j++ )
if( done_table[ j ] [ 0 ] -- i )
{ done_table[ j ][ 0 ] = -1;
il = done_table[ j ][ 1 ] + done_table[ j ][ 2 ];
il il % 2;
fprintf ( stdprn,
" %d"







/* Application is completed, so discard window and bitmap to free
/* memory for subsequent applications. The active display ends when the
/* window is discarded.
*/
WinDiscard (window. windowHandle) ;
BitDiscard (bitmap . handle ) ;
/*
Now close the communication channel to terminate the NNIOS program.
If the PEPPER board is configured for system display adapter emulation,
it will now return to emulation.
*/
CloseCommChannel (); /* End well-behaved NNIOS application */
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Sample Run of Target Presentation Program
The presentation programs PAIR and PAIRA are in F:\ DRAW
directory.
Type [ PAIR ] to start.
Screen: Starting NNIOS application on the Pepper Pro1280.
Press any key to begin the application
and another to end it and return to DOS.
Input: return
Screen: device Class = 40
bitmap width = 1280
depth = 8
Input: return
Screen: file name =
Input: IMG.[filenamel], return
Screen: file name =
Input: IMG.[filename2], return
Then two images are presented side by side on the monitor.
The PAIRA is automatic
pair-selected program for paired-
comparison experiment.
An experiment file table that gives all
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filenames compared with each other should be set before running
PAIRA. Then, random pair selection is carried on.
Type [PAIRA] to start.
Screen: Experiment File Table Name =
Input: the file name of filename list, i.e. [ SF04L.DAT ], return.
Screen: 1. Single Column Experiment
2. Double Column Experiment
Selection (1 / 2 ) ==>
Input: [ 1 ], Single Column Experiment
or [ 2 ], Double Column Experiment
Screen: Starting NNIOS application on the Pepper Pro1280.
Press any key to begin the application
and another to end it and return to DOS.
device Class = 40
bitmap width = 1280
depth = 8
Input: return.
Screen: Top file name
= IMG.C58
Bottom file name = IMG.C28
No. 1 Test Result [ T = Top, B = Bottom ] ==>
Input: the better on, i.e. [ B ]
Screen: Top file name
= IMG.C18
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Bottom file name = IMG.C78
No. 1 Test Result [ T = Top, B = Bottom ] ==>
Paired images are continually presented on the monitor to end of
one set of comparison, and the results are printed.
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IF(K.LE.18) WRITE(5,60)K, VOL1 ( K) , K, VOL2 (K) , K, VOL(K)















































120 WRITE(5, 1 )RE
















RAW DATA OF OBSERVATIONS
The numbers in the tables are the aberration conditions, at which
better image of the paired-comparison is chosen by observers.
PAIRED COMPARISON RAW DATA
HlcrH CONTRACT
SPATIAL FREQUENCY: 5 F / 6 5,2CJjcU/J^jree
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PAIR01 A1-A2 / / / / t 1
T1
/ / / / i i / / 1 1 | i i
PAIR02 A1-A3 / / 3 3 3 3 3 / 3
_3_
3 i 3 "T 1 1 / 3 3 3
PAIR03 A1-A4 / / / // * / / / i I 4 i _LJ ' | I
PAIR04 A1-A5 / i / / / / j> / 1 I i / /
3"
f I I
PAIR05 A1-A6 / / / / / f / / 1 1/ / ( / f / I
PAIR06 A1-A7 / / 7 / / 7 ; 7 / 17 / 1 / / /
PAIR07 A1-A8 / f / / 7 / i 1 / 1 ) 1 i 1 y /
PAIR08 A1-A9 / / / I / / 1 / I I / 1 / / / I
PAIR09 A2-A3 _?>3 3 3 33 3 3 3 H 3 3
->
-> 3 3 3 3 3 3 .3
PAIR10 A2-A4 4 2 44 ;2_ J2j 2. 442P 2 2. 4 2. jt 4 -> 2. 4
PAIRH A2-A5
3~
.5 o -5 J2. 5
5"2.15"





PAIR12 A2-A6 Z2. jz ? 3 o 2_ 2. T. a a J2- 2 3- a. 2. 2. ^. 2- 2_
PAER13 A2-A7 7 7 7 7 7 7 3. 7 717 7 -Z 7 7 7 7 2. 7 7 7
PAIR14 A2-A8 .2. 2 -2 2. 7 i
->
2. "5 2 a $ 2. 2. 2. 3- 2. 2. 2. 2.
PAIR15 A2-A9 % -2 -2. 9
^
-2J J2 2 2-, JZ 2. 2- 3- ^. JL D- ri 2. 2. -2-
PAIR16 A3-A4 3 3 3 3 3 3 3 3T D 3 2, -> 3 3 3 3 3 3 3
PAIR17 A3-A5 \3 3 3 S 51 j? 3 ^0 3 3 3 3 3 3 3 ? 3 3 3
PAIR18 A3-A6 3 3 33 3 3 3 3 3 3 3 3 3 3 3 3 .3 2> 3
PAIR19 A3-A7 3 3 7 3 / 7 3 7 3, 7 3 3 7 7 "3_ 3 3 3 3 7
PAIR20 A3-A8 3 3
<>
,"7 3 3 3 3
>
"3 3 3 3 3 ? 3 3 3 3 3 3 3
PAIR21 A3-A9 3 3 3 3 3 3 3 3 11 "^ 3 :> ^ 7 3 3 3 2 3 3
PAIR22 A4-A5 513 5 3 ^ 44 5
3"





PAIR23 A4-A6 4 44n44
4- 434 4 4 4 4j 6 4 4 4 4
PAIR24 A4-A7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 J_ 7 7 7 7 7
PAIR25 A4-A8 44444 "f44I!4 4 4 4 4 4 _4l 4
4- 4 4
PAIR26 A4-A9 4 4
1
rf 44 443.4 4 4 ? 4 4 >f 4 4 4 4














7 7 7 7 7 7X 7 7 JT 7 7 jl 7 7 7 ,T 7
PAIR29 A5-A8 sT
"





3~ 5~ 5" 5"
c








PAIR31 A6-A7 7 77 7 7 7 7 72 7 7 7 7 7 7 7 7 7 7 7
PAIR32 A6-A8 ? ? I $ < 6 ^ % it ^ 6 8 ^ 6 6 6 6 fV
PAIR33 A6-A9 7 <? 1 4 =7 <? 7 3i 9 ? <? 9 7 3L 4 i ? 7 V
PAIR34 A7-A8 7 7 7 7 7 7 7 731 7 7 7 7 7 7 jj_ 7 7 7 7
PAIR35 A7-A9 7 7 7 7 7 7 7 72 7 7 7 7 7 .t; 7 7 7 7 7
PAIR36 A8-A9 7 ^ 1 ? V l 7 7 3. 9 7 S 7 5 9 ^ 7 *? <=?
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/o. S c 7
C /cf&jre^














PAIR01 A1-A2 I 1 / ; /
/
/ 1 r / / / / f ^ / f / /
PAIR02 A1-A3 1 f 3 / 5 f / 313 / 1 / 3 3 1 3 3
PAIR03 A1-A4 / / i / /
r / 1 '/ / '/ 1 /
/- / / ;
PAIR04 A1-A5 1 1 / / t> / / /I/ 17 1
z1
/ / / P
PAIR05 A1-A6 / f / / / / / / / / / i f I / / 1
PAIR06 A1-A7 7 ( / / 7 / 7 i 7 / 7 / i / 1 _L 7 1
PAIR07 A1-A8 i i / / / / 7 / /!' / / 1 1 ( / /
1
PAIR08 A1-A9 i | / / 1 / f /1 f '/ / f 1 1 1 /
3
1
PAIR09 A2-A3 > i 33 3 % 3^M3 3 3 3 3 3 3 3 22.
PAIR10 A2-A4 a. x2 ^ 2 2- 2.-^214 2. 2 4 i 2_ Jl 4 4- 2.










PAIR12 A2-A6 2_ 3 i ~> jt_ i 2:171 a 1 2 2. -2. 2. ^ 2 21 2
->
PAIR13 A2-A7 7 711 7 J- 7
"
77 7 7 7 7 7 7 7 7 7 7 7
PAIR14 A2-A8 2 n 7
-> J. 2:22 2 J2 2. 2- ^> 2. 2- 2_ 2
1 2.
PAIR15 A2-A9 2- 2.22 2 -2j 2:I2I2 2U J2 "> 2. ^_ 2L
->
2. -7 2L
PAIR16 A3-A4 >> -7 33 3 3 3^*3l3 3 3 5> 3 3 3 3
a.
3 3
PAIR17 A3-A5 3 ^ 7-* 3 7 3;^313 3 3 3 0 3 3 3 3 3 ^
PAIR18 A3-A6 ^ ^ -3 .3 3 3 ?5 3 3 3 3
-?
0 3 ^ 3 3 -3 3 =5
PAIR19 A3-A7 7 3 77 7 3
3'
77 3 3 3 3 3 3 3 7 7 3 7
PAIR20 A3-A8 3 3 3 3 3 5
4>'
*3 2> 3 3 3 3 ^ 3 3 3 3 3
PAIR21 A3-A9 3 ? 33 *7 5
3-'
^ ?> 3 3 3] 3 3 3 3 3 3 3










PAIR23 A4-A6 4444 4 4*f4 4 4 4 ^
4- 4 4 4 4- ^t
PAIR24 A4-A7 7 7 77 / 7
7*
77 7 7 7 7 7 7 T 7 7 /
~7
PAIR25 A4-A8 + 444 4 4^H 4 4 4
4.
4 4 4 4 f
4- -4-
PAIR26 A4-A9 44 4-4 4.4 4/.t?4 4 4 4
4-4-
t
4- A- ^J- 4






,7 .*> ^ T
"5
PAIR28 A5-A7 7 777 7 7 7 7 7 7 7 7 7 7 7 X 7 7
7 7











PAIR30 A5-A9 r 5 ?
3"
? 7 3,;~ 5 y <T 3 7 ^r J3 3 3 ,1 0
PAIR31 A6-A7 7 7 7 7 7 7
7'
77 7 7 7 7 7
-7
7 7 7 7
PAIR32 A6-A8 9 /33 ' fc
6-
5,6 > 5 6 4 <^ 4? ^ fo s * fc
PAIR33 A6-A9 7 ^W^ 'A \ 9 I'f 7 9 7 c\ 1, ^ 7 7 9 1
PAIR34 A7-A8 7 7 7 7 7 7
7'
7 7 7 7 "7 7 f / _7_ 7 7 V 7
PAIR35 A7-A9 7 7 7 7 7 7 -7 77 7 7 7 7 !
7 JZ 7 L / 7
PAIR36 A8-A9 * 4 ^<? 3 9 1 7^ i 9 */ V 7 9 ^ f 7 <7
PAIRED COMPARISON RAW DATA
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HlCzrH conItkast
SPATIAL FREQUENCY: Sf O 6 14 cyofe /ctefji&L














PAIR01 A1-A2 i_L 2




PAIR06 A1-A7 77 7 31
PAIR07 A1-A8
PAIR08 A1-A9
i iPAIR09 A2-A3 33 3 3 3 3 2 3 3_
PAIR10 A2-A4 2?i22l 21.2 2. -> ^tl
PAIR11 A2-A5 53.?5 -7 22 3 3 2. 5 2 .57 33 231
PAIR12 A2-A6 222. 2.22J 2. 2. ^
PAIR13 A2-A7 7 77 7I 7 7 7 z z z z 7 7 zz 7
PAIR14 A2-A8 22.12 12. 3- J- 2
PAIR15 A2-A9 22^2 22 2, 2
TPAIR16 A3-A4 3 3?>
PAIR17 A3-A5 3 3 3
53
3 3 3
3 3 3 3 3 2 3
Z 3 3 3 3 3_
3




























































Z 2 3 7 7 2
2> 3 3









































































































PAIRED COMPARISON RAW DATA
Hl^rH CONTRAST


























PAIR01 A1-A2 / /
/
* / / / / ! 1 1 / / / 1 / 1 ' 1 / i
PAIR02 A1-A3 / / / j / / / / 1 3 3 3 f 1 3 13 2J2. 1
PAIR03 A1-A4 / / f 1 / r /9 / f / / j 4 / 1 / 1
PAIR04 A1-A5 ( / i / / / 1 M/ ~T / / / 1 2_ / l / 1
PAIR05 A1-A6 / / i f f I / i\i 1 / f / I 1 / ! / 1
PAIR06 A1-A7 / / 7 / f 1 / 11
_L
1 1 / 1 21 / 1 / 1
PAIR07 A1-A8 1 ] 1 /
/ ( / 1 ill 1 / 7 / 1 / / j_ f i
PAIR08 A1-A9 / / i 1
/
/ / i t\i i f / / 1 f j_j_ i 1
PAIR09 A2-A3 > 3 3 3 3 3 3 3 2J2. 3 u3 3 3 2. 3 2^
_3_
3 3
PAERIO A2-A4 ? 7 42 4 2 J_422. 4. 2. 2_ -> 2. 4^J_ 7 2.






3 J- 2. 2
PAIR12 A2-A6 2. 2J _2 J22 2 22 2 2 2 2. 2. 22- 2- J2_ 2. 2 2!_ 2. 2.
PAIR13 A2-A7 7 7 7 7 2- 7 7 27 7 J_ 7 7 22 22. 7 7 J_ 7 7
PAIR14 A2-A8 1 2 2 21 i- 2. 2 2J2 22- JL JZ. 22 2. 2. 2. i. ZL -> 22-




2 2 2 T_ -2. 72 2. J- J2- 2- jz. ^? 2_ 2L.
PAIR16 A3-A4 3 3 3 3 43 3 27 3 3 3 3 3 -^7
->
-0
3> 2_ 3 3
PAIR17 A3-A5 3 3 3 3 3 j> 54 3 3 3 3 3 3 3 3 3 3 3 3 3
PAIR18 A3-A6 3 31 ^ 3 3 3 3 33 3 3 3 3 s3 3 3 3 3 3 3
PAIR19 A3-A7 7 3 3 3 h 3 33 3 3 23 3 3 7 23 7 3 J3_ 3 3
PAIR20 A3-A8 fX 3 3 3
2
3 2 ?3 3 3 3 3 3 3 2l 3 3 3 3
PAIR21 A3-A9 3 33 -"5 3 3 3 3 ^ _2 3 3 3 3 3 3 3 3 3
PAIR22 A4-A5 F4
3"




4 4 4 4
3" 5"
PAIR23 A4-A6 44444 ^ 444 2. 4i4 4- 4 4 4 4-+ 4
4-
PAIR24 A4-A7 7 7 7 7 4 *7 7 74 7 7 7 7 7 7 327 7 7 7
PAIR25 A4-A8 444 -4. 4 444T 2f Jl4- 4 -t 4 4 4 4. 4
PAIR26 A4-A9 4444 4444 4
r 4-
4 4 i 4- 4 4 4 f
PAIR27 A5-A6 o
5"







PAIR28 A5-A7 7 7 7 7 7 7 7 I 7 7 7 z 7 7 7 '7 _2 7 7 7
PAIR29 A5-A8
,7














."a ^> 7 o>
PAIR31 A6-A7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
-7
PAIR32 A6-A8 t? 6 9 /? fr 9 >7
>





6 <? 6 7 9 o b i' 9 7 2 7 9 -6 6 4
4 2f
PAIR34 A7-A8 7 7 7 7 7 7 7 7 7
~7 7 7 7 7 7 7 7 7 ~7/ 7
PAIR35 A7-A9 7 7 7 7 7 7 77 7 7 7 7 7 7 7 7 7 7 7 7
PAIR36 A8-A9 9 3 Iff 9 S 9 7 <=/ tf 5? ~W 7 7 9 7 9 9 ^ 7
X-
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PAIRED COMPARISON RAW DATA
LoW OcnIIRAsT
SPATIAL FREQUENCY: SF 6 5. 3cycL/j>t$RE





















PAIR01 A1-A2 / ' < i I i 1 il i i / i i l 1 / 1 1 ! / 1 i i 2 1
PAIR02 A1-A3 3 ; / 3 i i 7 /I3I3I3 / 13 1 i / 1 1 1 f 3
PAIR03 A1-A4 1 i 4 4 4 / / 1 1 1 / 1 / / 1 I / i 1 1 1 1 1 1
PAIR04 A1-A5 / 1 / / / 1 1 hi 5i i / 1 ' 3| 1 / 1 5 1 1 3
PAIR05 A1-A6 / 1 I i i I /I II / I l 1 1 i 1 1 1 1 i 1 /
PAIR06 A1-A7 1 1 7 I 7 i 1 1 M 7 1 / I 1 ' 1 2Z22 / 1 * 7
PAIR07 A1-A8 / t / / / 1 ( il /I i SI 1 1 i / 1 I / 3
PAIR08 A1-A9 1 t i i / I / il / 1 I I 1 1 J i 7 1 i 1 /
PAIR09 A2-A3 3 -> 3 7 2 3 3 3 2121 3 213 3 2 3 2 7. 3 2
PAIR10 A2-A4 2_ u4 _22 2.4 4 4 412141^ 4 4 2 2 2 2. 2
PAIR11 A2-A5 2 7 53 2 2 5 5 31 21 51 3 -> 3 2 5 7 2 J2. 3
PAIR12 A2-A6 2. ? -> 7 7 2 2 ~> 21212 7 7 2 2 2 2 7 2 2
PAIR13 A2-A7 7 2_ 7 7 7 7 7 7 71712 7 7 2 22 7 2 7 2 7
PAIR14 A2-A8 2
->
_2 2 2 2 2 2 21 Til 2 2 2 S S 2 2 8 2 2
PAIR15 A2-A9 Q 2.
-i
7 2 2 7 22|2|7 2 2 9 2 9 2 2 2 4
PAIR16 A3-A4 4 o 3 7 3 4 3 3 3l3 3 7
jL\. 3 71 4 3 4 7 3
PAIR17 A3-A5 3 5 5 3 o
5"
32.L2) 3 3 7 3 3 3 7 3 7 3 3
PAIR18 A3-A6 3 3 3 0 3 3 3 3 3 3 3
_2J_2_2
"2, 3 3 3 7
PAIR19 A3-A7 3 7 3 3 3 3 3 3z =; 3 7 3 7 3 3 3 3 3 3
PAIR20 A3-A8 1 3 3 3 3 3 3 3 3 3 7 3 3 3 39 3 3 3 3 <?
PAIR21 A3-A9 3 7 4 3 3 3 3 3 3 7
i
2> 7 3 3 31 3 7 3 7 7
PAIR22 A4-A5 4 j> ^ 3 5 54 33
3"
7 4 o 5 2- ^7 4 3 4 3
PAIR23 A4-A6 b 44/f 4 4 4 A. 2 4 6 4^ 4 4 4 lo (, 4 6
PAIR24 A4-A7 i 7 7 7 4 742 4 4 4 4 7 7 7 7 4 7
PAIR25 A4-A8 4 4 S 4 4 4^ 444 s? 4 <5 4 4 2 4- /.- 4 2
PAIR26 A4-A9 4494 7 4 424 4 4 2 414 4 7 7 4 7 4
PAIR27 A5-A6 5 7 5131 7 7 322 37 5 s 3 9 _2 7 7 7 7. *>
PAIR28 A5-A7 1 7 3 7 5 7 7 13 7 7 7 7 7 7 7 *> 22 7 7 7
PAIR29 A5-A8 2 3 51
3"
3 7 <? 5 5 7
5"
3 3 8 3 S 7 5?
3*






7 9 5 7 4 4 4 3
PAIR31 A6-A7 7 7 b 7 7 7 b 7 7 7 7 7 7 7 6 7 7 7 7 7
PAIR32 A6-A8 3 6 h to 6 6 l? 22 6 ^ 6 5? 3 K (7 3 * <3
PAIR33 A6-A9 1 4 7 7 6 4 7 k2 9
o 7 4 7 9 7 a 3* <7 3
PAIR34 A7-A8 7 7 7 7 7 7 72 7 7 7 5? 7 7 7 7 7 7 7 7
PAIR35 A7-A9 7 7 7 7 7 7 7 7 9 <? 7 7 7
71
7 7 7 7 7 7
PAIR36 A8-A9 o,i ^7 1 7 ^ 7 72 ? 7 9 9 4 7 7 ^17 3 9
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PAIRED COMPARISON RAW DATA
20 wj contrast
SPATIAL FREQUENCY: 5 F 0 8 (oycycLz/ oe&Rt t=




















PAIR01 A1-A2 / ji I / 2 1 II M / / 1 1 1 1 1 / 1 1 1 1 1
PAIR02 A1-A3 73 / 3 l 3 22-1131 1 3 3 3 1.7 3 3 7 1 31 l
PAIR03 A1-A4 / ' i l 1 'l/l I / 1 / 1 1 i IN 1
PAIR04 A1-A5 / / 1 1 2_2_37 / 1 j 1 / 2_ 1
PAIR05 A1-A6 / I i / / Mil, / 1 1 1 1 ! 1
PAIR06 A1-A7 / 7 I l 7l / 1 1 ill / 7 ' 1 1 1 1 2
PAIR07 A1-A8 i J I I III 1 /I 1 / 1 / 1 1 / 1 1 i 1 1 )
PAER08 A1-A9 / 1 l 1 II 1 / /' 1 / 1 1 1 1 1 | | 1 1
PAIR09 A2-A3 3 3 3 ? 3 313 3 313 3 3 ^1 3 71 3 3 3 3 3
PAIR10 A2-A4 2 4 2 2 4 214 424 4 2 2J4 212 4 _4_ 2 4
PAIR11 A2-A5 3 2 7 2 7 5-13 732 7 5 31 3 21 3 3 2 2 7
PAIR12 A2-A6 2 2 2 2 2 612 2 212 2 21 212 212. 2 _2_ 2 2
PAIR13 A2-A7 7 7 7 7 7 7 7 7 717 2 7 21 7 717 7 22 3 7
PAIR14 A2-A8 2 2 2. _i 2>__ 2 2 2 42 2 _2_ 212 2| 2 7 2 2 2
PAIR15 A2-A9 2 7 2 2. 2J 2 22 2J2 7 2 212 2.12 7 2 4 2
PAIR16 A3-A4 3 3 3 3 7 3 33 ^13 3 3 31 3 31 3 3 22 3 3
PAIR17 A3-A5 3 3
i
7 3 7 3 3 3 313 3
_3J
313 317 3 22 3 7
PAIR18 A3-A6 3 3 3 3 3 3 7
>
7 3 3 3 3 3 3 31 3 3 22 3 3
PAIR19 A3-A7 3 3 7 3 3 3 3 3 3 3 3 3 3 3 3| 3 3 3 22 3
PAIR20 A3-A8 3 3 3 3 3 3 3 3 3 3 3 3 3 3 31 3 3 Z_ ? 3
PAIR21 A3-A9 3 3 3 3 3 3 3 3 3 3 3 3 3 7 313 3 3 3 3
PAIR22 A4-A5 3 4 ^> 44 z > 5 74 5 -2J
5"
4 41 5 4 257 4 4
PAIR23 A4-A6 4 4 444 4 444 4 2_ 4 4 414 4j4 4 4
PAIR24 A4-A7 7 7 7 7 7 7 7 7 7 7 7 ZJ 4 7 717 77 7 7
PAIR25 A4-A8 4 4 44 4444 4 4 4J
-J
4 4 414 4I4 4 4
PAIR26 A4-A9 444 7 4 4 44 44 4 4 414 41 4 4-14 _4_ 4
PAIR27 A5-A6 7 53 3 3 3 7 7 3 3 3 75 313 3 3 317
5"
3
PATR28 A5-A7 7 7 7 7 7 2 7 7 717 7 31 7 5 7 7 7l7 7 7
PAIR29 A5-A8 3 5 3 7 3 3 5 3 3 3 3| 3 3 3 5 ^!5 7 3
PAIR30 A5-A9 D 4 5 3 S 3 3 3 5 7 3 31 3 5 3 7 5-1 ir 3 3
PAIR31 A6-A7 7 7 7 7 7 7 7 7 717 7 71 7 7 7 7 717 7 7
PAIR32 A6-A8 6 6 8 ? 6 2 6 8 SI*
7"
31? 6 A ^ V$ 4 S
PAIR33 A6-A9 6 9 7 9 7 ! 7 7 717 7 91 7 7 7 7 717 ~^T 9
PAIR34 A7-A8 7 7 7 7 7 2 7 7 717 7 7 7 7 7 7 7'Z 7 7
PAIR35 A7-A9 7
"7
f 7 7 72 7 7 77 7 7l 7 7 7 7 717 7 7
PAIR36 A8-A9 7 7 3 9 9 Z
7'
3 719 3 41 9 9 9 9 717 9 1 9
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PAIRED COMPARISON RAW DATA
LOV\i COislTi7AST
SPATIAL FREQUENCY: 5906 MCfcit/DEGREE



























PAIR01 A1-A2 / / 1 2 /
/'
2 1 / f 1 1 1 / 1 2- 1 1 1
PAIR02 A1-A3 3 3 3 / 3 1 3 3 / 1 / 3 31 \ 3 | 31 1
PAIR03 A1-A4 1 / i j_ / / 1 / 1 1 1 f / 1 1 1 1
PAIR04 A1-A5 l 1 i f | 1 1 i / 13y 1 \ t
PAIR05 A1-A6 | 1 i 2 1 / 1 1 1 / 1 ' j_ ) 1
PAIR06 A1-A7 1 7 7 1 1 1 / f 7 / 1 1 1 I 1
PAIR07 A1-A8 1 1 / I 1 1 / 1 / / | 1 1 1 1 1
PAIR08 A1-A9 1 I / 1 1 1 1 / i 1 / 1 / 1 1
PAIR09 A2-A3 4 i 3 3 2 713 3 3 3 3 3 ^ 3 22 3 3 22 2- 7
PAIR10 A2-A4 2 4 2 4 2 2144 4 2 2 2. 4 2 4 2 4l 2 4
PAIR11 A2-A5 3 3 5 ,3172|3 5 '5 2 9 7
3"
3 3 3 J5 2 2 _2
PAIR12 A2-A6
i
jZ 2 2 o 2 2 7 2 7 2- 2 2 2 2 2 2 2
PAER13 A2-A7 7
-i
7 7 7 7 7 7z 7 7 7 7 7 7 7 J_ 7 7 2
PAIR14 A2-A8 2 2 2 2 o 2 21 22 23 J2, 2 7 0 2 2 2 2 2 2
PAIR15 A2-A9 2 j> -> 2 2 _2_ 2 2 _2 2 2 2 2. 7 2 7 2 2 9 2




7 3 7 3 3 31 3 3 3
PAIR 17 A3-A5 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 22 3 3 3 7
PAIR18 A3-A6 3 3 3 3 3 3 323 3 3 3 7 3 7 3 3 3 7 3
PAIR19 A3-A7 3 7 7 3 3 7 3 3 713 3 3 3 7 } _2 3 7 7 3
PAIR20 A3-A8 3 3 3 3 3 3 7 3 3 3
-1
-5 7 3 7 3 3 3 3 3 3
PAIR21 A3-A9 2 3 3 3 3 3 3 2 3 3 3 3 3 3 3 3 3| 3 3 3
PAIR22 A4-A5 3 34 5. 4 7 7 7 3 7 7 5 7 7 5 3 5|4 3 5
PAIR23 A4-A6 f4 444 4 4 4 A- 4 4 4 4 4 4 414 4 4
PAIR24 A4-A7 7 7 7 7 7 7 7 7 7
-7
/ 7 7 719 7 7 7 7 7 7
PAIR25 A4-A8 444 4- 424 4 3 4 4 4 414 4 4 4 4 4 4
PAIR26 A4-A9 4 4444 4 4 4 A- 4 4 414 2L 4 4 4 4 4
PAIR27 A5-A6 3 3 5 5 3 3 7 5 7 -T 3 5 71 7 -D 6 3 f 5 5
PAIR28 A5-A7 7 7 7 7
5"
7 3 7 7 7 7 7 717 7 7 7 7 7 7
PAIR29 A5-A8 3 ? 7) 3 3 -7 3 5 3 5 71 3 713 5 3 3 5 3 5
PAIR30 A5-A9 5 3 5 7 5 3 72. 7 n r 7 3 7 ? 3 L 7 5 3
PAIR31 A6-A7 7 7 7 7 7 7 7 7 7 717 7 7 7 7 7 1 7 22 7
PAIR32 A6-A8 4 6 S 6 6 6 h 6 fc|3 6 & 6I 6 6 (?\% 6
PAIR33 A6-A9 9 7 7 7 7 7 9
9"
9Ul7 7 7 h 7 9 ^7
PAIR34 A7-A8 7 7 7 7 7 7 7 _ 7171 7 7 7 7 7 7 7 7 7 7
PAIR35 A7-A9 7 7 7 7 7 7 7 7 7171 7 7 7 7 7 7 71 7 7 7
PAIR36 A8-A9 7 7 7 4 9 9 9 3 9191 S ? y 7 4 7 SI 7 9 7
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PAIRED COMPARISON RAW DATA
LOW CoNTr\A5T
SPATIAL FREQUENCY: Sf-o^ Z/Cyc^C/c>lTR




























PAIR01 A1-A2 / / / / i I i 2 ! i / 1 i / i i 1 i f i i
PAIR02 A1-A3 / I / 3 i / 3 t i z 3 i / 3 i 1 i r 3 3
PAIR03 A1-A4 1 I I / 1 i / ' 1 1 / i / / i 1 i i I 1
PAIR04 A1-A5 1 i 1 i / i i i 1 / 1 / i 27 / i 2_ / 3 I |
PAIR05 A1-A6 i 1 I / / i ( ihl / i | (n i 2_ 1 / / 1
PAIR06 A1-A7 1 / / l / i 1 f 'I i i / 7 i / 7 7 f /
PAIR07 A1-A8 1 / I / / i i i il / i / I i i | i / /
PAIR08 A1-A9 / / i / / i i j M ' j_ i 1 i l 1 I I I
PAIR09 A2-A3 3 3 3 3 7 3
H
7 2_ 313 3
->




7 3 7 7
PAIR10 A2-A4 4 4
JS
_24
.4- 2 2 212 2 2 2 4 2 2 2- 2 7
->
PAIR11 A2-A5 3 _2 S 2 7 7 5 7 712 2 2 2 .7 3
o jr c 2. 7.
PAIR12 A2-A6 2. 2 2 _2 2 y
> 72.2|2 > 2 2 ") 2 b / 7 i 2
PAER13 A2-A7 7
"7
7 7 2 7 7
i
2|7 2 7 7 2 2 7 7
~>
7 7
PAIR14 A2-A8 J> J_ J2 2 o.




2 T. 2 7 7 7 7 1 7 _2_ 2 2 4 2 23 2 2 -~) 2
PAIR16 A3-A4 3 3 3 3 3 2l -> 4 3l3
4- 3 2 3 3 1 2 3 3 3 3
PAIR17 A3-A5 n
>
3> 3 3 3 3 3 3 7 3 3 3 3 3 3 3 3 3 3 3
PAIR18 A3-A6 3 > 3 3 323 7 3 3 3 3 _3_ 3 3 7 3 3
PAIR19 A3-A7 7 3 3 3 3 3 7 3 7 7 7 3 7 o 7 3 3 7 3 7
PAIR20 A3-A8 3 3 3 3 7 3
>
> 3 3 3 3 3 3 7 3 3 3 3 3 3
PAIR21 A3-A9 3 5
-> ->




3 3 3 7
>
2 3 3 3
PAIR22 A4-A5 4 3444
/*_ 357 5 4 !4_ 5 .7 22 7 4 4 4 3
PAIR23 A4-A6 6 4444 9 4 4 4 4 4 4 4 4 4 4 A 4 4 4
PAIR24 A4-A7 7 7 7 7 7 742 7 7 7 7 7 4 4 4 7 7 7 7
PAIR25 A4-A8 4 4444 444 4 4 4 4 4 4 4 4 ? 4 4 4
PAIR26 A4-A9 44444 4 424 4 4 4 4 4 4 4 2u 4 4 4
PAIR27 A5-A6 3 53 317 5
5"
5 5 3 3LZ_27 3 22 3 7 3 1 5
PAIR28 A5-A7 7 7 7 7 7 7 7 2. 7 7 7 7 7 7 7 7 7 7 7 7
PAIR29 A5-A8 3 5 7 3 34 5 5 3 5 5 3 tf 9 3 5 is 3 7 7
PAIR30 A5-A9 7 33 513 3 5 5 7 3 7 3 3 3 4_ 3 9 5 7
5"
PAIR31 A6-A7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
PAIR32 A6-A8 fa fa fa 6 fa 6 6 6 6 fa 6 S 6 fa fa S fa- 5?
PAIR33 A6-A9 <? 6 7 7 6 fa fa (7 fa fa (? 7 G 9 fa 9 fa 7 fa 6
PAIR34 A7-A8 7 7 7 7 7 7 72 7 7 7 7 ( 7 7 7 7 7 7 7
PAIR35 A7-A9 7 7 7 7 7 7 7 7 7 7 7 7 J_ 7 7 7 7 7 7
PAIR36 A8-A9 S 7 "3 7 7 9 *!7 3 7 7 9 y s 9
4 9 7 7 -
PAIRED COMPARISON RAW DATA
99
SPATIAL FREQUENCY: BAP, 73R4-2
OBSERVATION 1 2 3 4 5 6 7 8 f 9 j 10) 111 12 13 14| 15 16 17 18 19 20

























PAIR01 A1-A2 1 1 1
- > ) II ! ' i 1 1 1 1 1 1 i 1 1 l 1
PAIR02 A1-A3 1 i 3 7 3 i i 59 ! 1 / 7 1 31 f 3 1 1 I 1
PAER03 A1-A4 1 1 i i / i i ! ! 1 1 1 MM 1 1 l 1
PAIR04 A1-A5 1 | i 1 i i : 71 / 1 III! 1 1 *r |
PAIR05 A1-A6 I / ! 1 i i I I i 1 / 1 I'll 1 1 / 1
PAIR06 A1-A7 I 1 / I l i
i 7 ; ; 1 ' 1 / 17 J_ 1 1 7 7
PAIR07 A1-A8 j I / / i i i 1 1 ! ! 1 1 1 1 / 1 1 / I 1
PAIR08 A1-A9 1 1 \ i i / : jj 1 : ! / i ' I / \ 1 1 1 1
PAIR09 A2-A3 3 3 7 3 7 7 32
~ 21 3 3 v*> 3 3 3 7 7 3
PAIR10 A2-A4 A 2 _2 2 2 7. 4 7 2_2| 2 7 41 2 2 7 2 2 2 2
PAIR11 A2-A5 7 2 5 5 7 7 ^ 5 21 3 2 3 2 3 2 2 3 2 2_
PAIR12 A2-A6 2, 2_ 2
"7
2 2_ 2 2 9 12 2 2 0 2 7 2 2 2 2
PAER13 A2-A7 7 7 7 7 7 7 ^ 7 2J7|7| 7
-7 7 7 7 7 7 7 7




2| 2| 3 2 2 2 2 2 2 2 2 2
PAIR15 A2-A9 7 -> _2 7 72. -i 2 C?l21212 7 7 2 7. 2 2 2 2 2
PAIR16 A3-A4 3 7 3 ? 3
->
7 3 3\A 71 3 3 317 3 7 7 7
7
3
PAIR17 A3-A5 7 3 j> 7 3 7 5 3 31 31 3 3 3
j
7) 7j 7) 3 3 7
~>




-> 3 3 314 7 3 3 3 3 7 3 7 3
PAIR19 A3-A7 7 3 7 3 7 l 7 7 3 317 7 3 3 7 3 7 3 7 3
PAIR20 A3-A8 i 7 3 3 3 3 32 7 75 ! ^ 3 3 3 3 7 3 3 7 3




3 7 3 3 3 7 3 3 3 3 3
PAIR22 A4-A5 3 34 3 7 3 7224|
5"





PAIR23 A4-A6 42 4 44 4 4 2 >4- 414 4 4 4 4 4 4 4. 4
+
PAIR24 A4-A7 7 7 7 4 7 7 7 412 917 7 7 7 7 7 7 7 4 7
PAIR25 A4-A8 4442
A- \ 2 4
^L-[2|4 4- 4 4 2 ^ 4 4 4 4
PAIR26 A4-A9 44 42 44 4 4A. 2d
jfl- 4 4 4
4- 4 4 4 4 4





PAIR28 A5-A7 7 7 7 7 3 7 72 7 7 7 7 7 7 7 7 7 7 7
PAIR29 A5-A8 7 7 7 3 3 7 3 3 3[77 5 3 3 3 3 7 3 7 3 3
PAER30 A5-A9 51 5 5 3 3 7 5 7 3 7 7 3 3 3 3 3 7 7 -3 7
PAIR31 A6-A7 7 7 7 7 7
7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
PAIR32 A6-A8 7 6 6 S ^ fa 6 3 3 0 fa 4 $ 9, fa S S fa 5?
PAIR33 A6-A9 9 3 7 4 7 7 1 9 7 9 9 7 7 7 4 6 7 9 9 9
PAIR34 A7-A8 7 7 7 7 "7 7 7 7 717 7 7 7 7 7 7 7 7 7 7
PAIR35 A7-A9 7 7 7 7 7 7 7
~T 717 7 7 7 7 7 7 7 7 7 7
PAIR36 A8-A9 7 9
4 9 7 4 7
<7 3l 9 4 7 9 7 7 7 2* 3 9 9
100




2 3 4 5 6 7 8'9 10 11 12 13
_14j


























PAIR01 A1-A2 1 2 / / 2 / 2 /I / / 1 1 / 1 / 1 / / I l / 7 /
PAIR02 A1-A3 i / 3 3 \ 3 / 11/ / 34 1; 13 / / 1 3 7 3
PAIR03 A1-A4 i / / i I / / P4 / /I II ill f i 14 / /
PAIR04 A1-A5 i s 3 / 7 l 1 ' 13 I /lit. 3 / / I i f / 7
PAIR05 A1-A6 i / / / I i 1 'hi/ / 1 / 1 / / 1 / 1 i 1 /
PAIR06 A1-A7 7 / 7 / 7 7 Z H / / 1 / 1 / 7 7 / 1 ' 7 f
PAIR07 A1-A8 ,' \ I ; i 1 1 / /I / / 1 1 1 / / / 1 i /
PAIR08 A1-A9 I 1 7 i I I 1
*
/I / /III/ 7 ( / / /
PAIR09 A2-A3 2 3 3 3 7 3 3 7 3131 313 1 3 .3 3 2 3 7 3 2
PAIR10 A2-A4 4 2 2 4 2 4. 24 21414 4 4 2 A 4 2 2
PAIR11 A2-A5 3 3 9 5 2 7 32 212 5|2|
~
2_ 5 3 i 7 2 2
PAIR12 A2-A6 2 _2 fa 2 2 2 2
_2j
2l2 2121 2 2 2 21 2 2 2, _2
PAIR13 A2-A7 7 7 2 2 7
^>
7 91 712J17- 7 7 7 7 7 2 7 7
PAIR14 A2-A8 2 _2 2 JL 7. 2 2 7 212 7 7 2 2 2 7 2_ 2 2 7
PAIR15 A2-A9 2 22 o_ JL 2 7_
5
91 7 2 7 2 7 9 2 2
-7
_2. 2
PAIR16 A3-A4 3 3 3 t, 3 3 3 3 3 3_2 3 3 3 3 2J 3 3 3
PAIR17 A3-A5 3 3 2> 3 7 3 52 3 3 _3J 3 7 3 7 5 3 7 3 7
PAIR18 A3-A6 3 3 3 3 z 3 3 3_2 32 3 3 3 7 3 3 3 3 3
PAIR19 A3-A7 3 3 7 3 3 7 3 2 3 3 [z] 7 3 7 7 7 3 7 7 3
PAIR20 A3-A8 3 =* 3 3
>
3 3 2 3 3ZJ 3 3 3 3 3 3 3 3 3
PAIR21 A3-A9 3 3 7 3 3 3 7 2 3 3 _2 3 7 3 9 3 3 3 3 3
PAIR22 A4-A5 3374 4 4 4 7 3.5 _4_ 4 3 4 7 3 -4 7 3 7
PAIR23 A4-A6 4 444444 2 4 4 6 2 4 4 4 4 4 4 4 4
PAIR24 A4-A7 7 7 7 7
4-
7 7 7 7 7 z_ 7 7 4 7 7 7 4 7 4
PAIR25 A4-A8 4 4444 4 4 4.2 4 ^4_4 4 4 4
^j- 77214 4 4
PAIR26 A4-A9 4 444
2- 2 444 4 A_ 7 4 4 4 4 22 4 4 4
PAIR27 A5-A6 3 53 7 5 3 .5 7 7 3 5 5 6 -2 5 5 5 3 3 5
PAIR28 A5-A7 9 7 7 7 7 7 7 22 722 7 7 3 7 3 7 7 7 7
PAIR29 A5-A8 3 ^ 3 3 3 3 3 3
3"
s] 5 5 5 3 7 3 5 3 3 5
PAIR30 A5-A9 3
5"
9 3 5 5 >s 7 5 7 5 5 2 7 2J _2L 7 ? 5 *i
PAIR31 A6-A7 7 7 7 7 7 7 7 7 7 7 7
7
/ 7 7 7 7 / 7 7 7
PAIR32 A6-A8 6 15 55 2 fa 6 5? $ ? 6 _2 3 9 fa S 6 % 9 fa R
PAIR33 A6-A9 $ 7 9 7 3 7 6 2 9 7 Z. 7 fa 9 6 6 6 3 fa fa
PAIR34 A7-A8 7 7 7 7 7 7 7 7 7 7 7 7 / 7 / / 7 7 7 7





/ 7 "7 7 7 / 7 9 17 / 7
PAIR36 A8-A9 l 5 7 7
7'




SUMMAT is the matrix shown how many times the observers
judged Al is better than An in the first column, A2 is better than
An in the second column, and so on. PMAT is the probability
matrix derived from SUMMAT by dividing all values by 20, times
of each paired-comparison. Values in the PMAT are converted to
standard normal deviates z using a reference table. A matrix of z
values labeled ZMAT is constructed.
STATISTICS 102
Z SCALE POSITIONS OF PAIRED-COMPARISON
RAW DATA
CONTRAST: Hi^H SPATIAL FREQUENCY: 5,2cycL/^6iRl
1-tfC







































A7 /6 7 /2 0 2 0 /
A8 20 (9 20 20 20 II 20 io /7
A9 ^ 20 n 1? 0 /7 i fO
PMAT
Al 0.50 COS 060' COT DJC ooo 02 ooo 000
A2 07V 0-50 LCQ 035 0.75 000 0 0 003 Ao.
A3 04) 0.00 0,50, 000 (7/5 ooo 040 Ooo OOO
A4 095 oy 1.00 0,90 07C QCo 700 0.00 QIC
A5 o.io
023"
O'V 0t0 Q.50 OflO O.'io oco a io
A6 /30 |,00 100 Gt> [,CO 0.50 /,00 045 1 00
A7 030 Q.,'5 O.bO OCO Q10 ooo 0.50 070)
CDS'
A8 /.no Oft |.00 f.OD h/C 0 57 (.00 0,50
075'




9.64 72,? 200 -Q.54 -2d? 20)
/,64 fi.ffl 2.00 41/3 067 -200 f 04 -l& -iM
-023 -2.00 OOP M ~^ -^-00 -0^ 7?XIQ 2o0
144 Q./3 2.00 000 052 -fftf 200 -2nfl -/.2V
yj{ -0.67 [3j 1152 0^ -^fl I-2X 2.00
42>>
2.00
2a1 7.00 LM: 2a} Q.fl 2. -0J5 2.co
0j4 -;.(4 075 ~M ~12 -2a) oco -m M
2co J4 2.C0 TOO 2QG 0./5 2m 000 1.(4




0.06 )/.5r iff 2o7 -7351 W -frft -6.2]
A2 A3 A4 A5 A6 A7 A8 A9
STATISTICS
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Z SCALE POSITIONS OF PAIRED-COMPARISON
RAW DATA
CONTRAST: HI^H SPATIAL FREQUENCY: fC 5 Oar/OSStec


































?0 20 20 20 2D 10 20 6 2fl
/4 20 /Q 20
0 /0
PMAT
Al 050 0.00 040 Q.00 0./0 O.Ci] 0X> 0(3) 000
A2 jQQ Q30 0.73 025 0,60 OOP pjj 0-00 OOP
A3 0.60 Qo5 0.50 O.CO 0,05 GOO 04o 0.00 000
A4 iQ 0,75 LQQ Q.50 075 p CO LQO 000 O.QQ
A5 0 70 040 0.75 075 050 ooo i.qq pop o.qO
A6 /, QQ 700 LOQ LQQ i.QQ Q.5C LOO 0.30 /.CO
A7 Q.7Q 005 ObO 000 OOO COO 0 50 000 OOP
A8 700 LQQ LOO (,Q0 LQQ QjQ l,0o 030 1,00
A9 LOO A 00 A00 ACQ f.QO 0.00 /,C0 OOP 0.50
ZMAT
Al 000 -200 -075 -200 32| -200 -Q.5.
..,, -067 045 -2,00
O.CG -2a1 164 -2,0)
O.OC 067 -2C0
-2a; -200UJ-i. Z.W ^-IA/
IM -2.00 -2PQ
-0^5 -200 -2 CO
2220 OOP i#
0 25 4x4
20) CjTj 200 -200 -200U; UDI ^.W li.lA^ UUi ~^.^ v /,W
y$ -025 1.64 9)67 0 00 -2,0) 2x0 -200
-
7.00 200 2.0O 2(X> 2.00 OCO 200 -Affi
/qj5 -w -2a:
-j?cc-








2X0 2cc 2CC 052





SCLMAT (205 (42 (/JO 4jf AV7 -ft# ia$ -ff.52 -to
Al A2 A3 A4 A5 A6 A7 A8
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STATISTICS
Z SCALE POSITIONS OF PAIRED-COMPARISON
RAW DATA
CONTRAST: H/^H SPATIAL FREQUENCY:
l4qcLi/oiC/m
_ _ __ _ _ _ _ _ _
SUMMAT
10 0Al 4 0 0 0 4 O 0
A2 2o 10 20 1 /3 O (9 0 0
A3 lb 0 !0 0 0 0 J? 0 0
A4 2o 17 20 (0 Iff 0 ?o 0 0
A5 2o 7 20 2 10 0 /1 0 0
A6 2o 2C 20 20 20 '0 2o 6 2c
A7 lb 1 (2 0 / 0 /o 0 0
A8 2o 20 20 20 20 (4 20 IO 20
A9 20 20 20 20 20 0 20 0 (0
PMAT
Al 50 Ooo 0 20 O.CO 0 00 000 0.20 oce COC
A2 LOO 050 L00 Q'5 0,65 0,00 0^5 000 OCO
A3 Omo ooc 0 50 OCO 0,00 ooc 0.40 OCO OOO
A4 LOG 0,^7 f.OO 0.5b O.Yc GOO OCO Coc OOO
A5 i.CO 0v5 LOO 010 0,50 0,00 0,95 /]00 OCO
A6 loo 1,00 LOC /,oo Loo 0 573 700 030 LOO
A7 cio O.oS 0370 Ooo 005 0.00 0.^50 OCO 0,00
A8 LOO I.CO 1,00 100 700 070 IW 060 /.CO
A9 Loc LOO 1,00 LOG 1,00 000 /.GO 000 0,50
ZMAT
Al 0.00 -200 -flfl 72.CC -277 "200 -Q.Sf 72,00 -200
A2 2.00 000 202 zM 33? -200 /# -2C0 -200
A3 (m -2C0 OOO -200 -2,0, -200 -Q-5 -200 -2.0)
A4 2C0 \M M 0.0) /4? -20) 200 -200 -2iP
A5 7co -0.3? 200 4i3 O.CO -20O
ifl-
-2X0 -200
A6 700 t7CO 2fl) -r2on 2.0Q OOO 20) 437 2.00
A7 0*4 --f.fr 025 -2c0 -I.Of -2^.
QCC-
-20C -TV)
A8 7m t?.O0 2(/l 2iX) 2,0) 052 2.0} 000 20C
A9 2.00 tM 2.00
2,00 2jD -2.00 2 "200 000
SCLMAT 133? /-CI !ii! '^^ -3 tSfeg Kkfi -rf.5? 'SlO
Al A2 A3 A4 A5 A6 A7 A8
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Z SCALE POSITIONS OF PAIRED-COMPARISON
RAW DATA
CONTRAST: Hl^H SPATIAL FREQUENCY: Zj cycle/'defdt
Al A2 A3 A4 A5 A6 A7 A8 A9
SUMMAT
Al 10 0 b 0 0 0 3 0 0
A2 20 10 16 ft 8 0 !6 0 0
A3 14 4 10 I 0 0 3 0 0
A4 20 \2 '? 10 f2 0 /7 0 0
A5 20 12 20 s? /O 0 20 0 0
A6 20 20 20 20 20 [0 20 4 1/
A7 IJ 4 n 3 0 0 10 0 0
A8 20 2o 20 20 20 [fe 20 /o 14
A9 20 20 20 20 20 1 20 6 10
PMAT
Al 0% 000 0.30 o.oo 0,00 0,00 0J5 0,00 0 00
A2 1,00 0,tJ 0K0 040 040 o,00 oio 0.00 0,00
A3 070 0,20 0,50 0.05 0.0d (7 00 0./5 0Q[) 0.00
A4 i.OO 0.60 095 O.50 0,6o 0.00 0^5 000 0 07
A5 1.00 OjO 1.00 0.40 n5o 000 1.00 Q-00 0.00
tOQ 1,00 700 1-00 Aft? 0,50 f.Oo 0.20 0.55
Ojj 020 0*5 0)5 ooo o.oo o.5o o.oo ooo
AOj) AflO AflO LOO i.OO Q& i.OO 0.5O 0.70
1.00 LOO LOO 1,00 LOO 045 K00 0^ 0,50
ZMAT
Al OOP ~2.00 -052 -2.00 -2.Q0
SCLMAT f5S6
Al
-200 3,(4 -2.00 -2.00
?PQ 0.00 0M -025 -075 -200 0X4 2?tf0 -2oO
o. 52 4)M O.oo (A 2.00 <m -1,4 -2.00
-2.00
2.00 02^ )J iM ox -M 7(4 -200 -200
2.00 025 0 00 -025 (100 '200 2.00 -2fl) -2.C0
2 00 2.0Q 2m M 2M QQ 2.00 -084 0 3
fj4_20^ [()4 -M
-2-0P -2tf) 0,0) -2,00 -200
7 no 2.00 ion 200 2.0) 0.54 2.W fl.OO 032
2.o() 2.00 200 2.QQ
2.Q0 -g,B 2m '02 Q.0O
2S2 //.QO Ojj 0,00 -//T-? 7J0 -13.36 3/35
A2 A3 A4 A5 A6 A7 A8 A9
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STATISTICS
Z SCALE POSITIONS OF PAIRED-COMPARISON
RAW DATA
CONTRAST: LOW SPATIAL FREQUENCY: 5,2c/Clt/0t<jR&t





1 L 0 i 2
12 Q_
1 2 K) 10 5 2 4 4
3 6
iz a i (0
Ji S 12 7 10
2 fe f A I
j 7
20 20 16 4 (9 10 17 S 15
14 5 fA 9 7 3 6(2
A8 18 H IK lb |5 a '1 10 17
A9 19 14 14 15 17 5 4 3 10
PMAT
Al n.so 005 0^0 0,15 020 000 050 0//) 005
A2 07* 0,50 050 033 060 0.00 075 Oh 0.30
A3 0 60 0,50 050 025 m 020 020 010 072
A4 0&5 045 075 050 065 050 0,55 020 025
A5 O.K0 040 060 075 050 005 065 035 025
A6 700 LOO 0$ 070 075 05) 0S5 0^0 075
A7 070 025 0$ 045 0,55 0,15 0,50 005 0,30
A8 040 0^5 0$ 0.8) 06^ 0,60 0,95 O.50 0S5
A9 0.95 0.70 0.70 0 75 075 0,^5 0.70 015 0,50
ZMAT
Al 000 -764 -0.25 -m -om -200 -052 7.2? 464
A2 164 000 0,00 O.i 5 025 -#0 067 -1.04 9)52
A3 025 Q.Q0 0,(7) -0.67 -025 -Qfr -0^4 42? 052






9125 025 -051 000 -l.6f o.fl 9)97 -0*7
A6 2a) 0% 052 f.64 0.00 1,(4 -025 067
A7 -0.67 m -QI5 "0,31 -0f OCO 44 -0,52
A8 /.04- \M 0,24 039 025 1.64 000 1,04
A9 052 052 0,67 0,67 -0,67 0,52 -1.04 OCO
SCLMAT 0,*7 4/5 -00J l.U -246 5.05 -/W -m
Al A2 A3 A4 A5 A6 A7 A8 A9
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Z SCALE POSITIONS OF PAIRED-COMPARISON
RAW DATA
CONTRAST: LOW SPATIAL FREQUENCY: 10, 5 c Yas/P&tea
032
Al A2 A3 A4 A5 A6 A7 A8 A9
SUMMAT
Al 10 1 12 0 1 0 ,5 0 0
A2 \l 10 \\ 10 14 1 17 0
->
2
A3 % 1 \o 0 0 0 2 0 0
A4 20 10 20 /o \o 0 1? 0 1
A5 \i 6 20 10 \0 0 16 0 1
A6 20 ft 20 20 20 10 20 (2 tf
A7 15 3 i% I 4 (7 [0 0 0
A8 20 20 20 20 20 5? 20 /o /9
A9 20 1? 20 (9 19 20 / /O
PMAT
Al Q50 0,05 066 0 00 0 05 OCO 025 0.70 OCO
A2 0,15 0.50 045 050 070 0.0^ 0.&5 000 0./0
A3 040 0,05 0,50 000 O.OO 0,00 010 000 ooo
A4 LOO 0,50 I.OO 050 050 0,00 09^ 000 0o5




015 100 1.00 100 0,70 m 060 0,95
A7 0,|5 fl-W 005 0.20 000 0,50 0.(7) o,co
A8 |.00 I.OO 700 1.00 040 1.00 0*0 095











025Al -2.00 -1,64 -2M -0,67 -2.00 -200




-70) -200 -200 -lA -2.00 -2.00
A4 0.00 0,00 -20Q 764 -2.00 -m
A5 oco 0070 -200 0,S4 -2.00 9.64
A6 t\M 200
200- 2O0 0.00 2.00 tQ25 /.4








200 200 -025 200 000 464
A9 l.6f W -1.(4 2CD -f.H OOO
SCLMAT 0.03 /3j7 aoo 1.6$ 13.53 757 4334 -w
Al A2 A3 A4 A5 A6 A7 A8 A9
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STATISTICS
Z SCALE POSITIONS OF PAIRED-COMPARISON
RAW DATA
CONTRAST: LOW SPATIAL FREQUENCY: \Acycy/oEO,RBE
0, 1 o
Al A2 A3 A4 A5 A6 A7 A8 A9
SUMMAT
Al 10 2 10 07 2 0 4 (J
0
0
A2 IS 10 U 7 (5 0 (5? 1
A3 10 2 (0 1 1 0 h 0 O
A4 20 II 19 10 11 0 ?o / 0
A5 12 5 /? 3 10 0 IS 0 1
A6 20 20 20 20 20 10 20 3 /7
A7 16 2 14 0 2 0 10 0 0
A8 20 20 20 '9 20 17 20 10
18"
A9 20 /? 20 20 11 3 20 2 1(7
PMAT
Al 0,50 0.10 0,50 000 OI0 0,00 020 0,00 0^
A2 WO 050 o.9o 045 0,75 0,00 040 O.OO O05
A3 050 Q40 0,50 0,05 0.05 ooo 0-30 O.oo aoo
A4 100 0,55 0,95 Q50 ft 3
5"
0,00 I.OO 005 ooo
A5 090 0,25 (795 0/5 0.50 o,oo 0.90 OCO 0,05
A6 loo 1,00 1,00 100 /.CO 0,50 700 015 0.S5










WO 100 0,95 /.00 0.%5 1.00 050 0,10




Al 0,00 -260 -/2^ 2W -014 -;.oo -2D0
A2 12* HI} 047 '200 l,2|? -2C0 464






6f4 000 1,04 -200 ZOO 4(4 -20)
A5 1*4 3,04 (700 -200 \A -2oo -1,64
A6 200 2.00 2.00 Off) 2.00 -m /04
A7 052
2D0
-200 4A -2.00 ooo: -2oo -2.a)
A8 2.00 Itf 200 6(4 200 0,00 /2fi
A9 2.00 764
/46
260 200 \y\ 7.04 2) 32* oco
SCLMAT //^ 41] 115 4200 u 3346
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Z SCALE POSITIONS OF PAIRED-COMPARISON
RAW DATA
CONTRAST: LoW SPATIAL FREQUENCY: 2.\ y/CLt/oeC^fe













A. 0 0 1
20 14 lb 10 9 2 \0
0
n in 20 n 10 0 i
2.
0
2 11 20 rt 20 IO 20 3 b
il 1 0 10 0 I









A9 20 20 /I 20 10
PMAT
Al 0,50 0.05 0,30 o.oo 010 0.05 0,'*5 0.(50 0,00
A2 095 050 040 030 050 00$ 055 om 0.00
A3 070 (7/0 0.50 (1.20 000 0,00 045 0.00 005
A4 i.OO 070 QW 0,50 0f5 010 0,80 0.05 000
A5 0.% 0250 LOO 0,55 0,50 0,00 095 005 0.00
A6 0% 0,45 1.00 0,90 LOO 050 j.OO 075 0,30
A7 035 045 0.55 0,70 0,05 0,00 0.50 000 00)
A8 LOO LOO 100 0</5 095 0,5 1,00 0.5) 055
A9 1,00 1.00 075 L00 700 070 0.95 (45 050
ZMAT
Al O.OO -IM -D,52 -200 -/4 -764 9.04 -200 -2.00
A2 764 ooo (28 -052 0.00 464 0fo -2.00 -200
0 52 -12% 0.00 9)S4 -2.00 -200 4/3 700 -1.64
7.(10 0 52 0>4 000 -0,l3 -I.X 0$ 9,64 -200
12% 0.00 20Q Q/3 000 -2.C0 1.(4 9,64 -200
(A IM 200 lA 2.00 0.00 20) -1.04 -042
04 4).M 0.13 -m -M -M 000 -2.00 -/M
?00 7.00 2m U IM /,0f 2.00 000 0)3
2.00 2.00 Ut 200 2,00 052 (4 D/) 0.00
SCLMAT (2/2
AT
5.// 7!37 Og 0.5? -7.00 1^ -/2f5 4. 67
A2 A3 A4 A5 A6 A7 A8 A9
STATISTICS
Z SCALE POSITIONS OF PAIRED-COMPARISON
RAW DATA
CONTRAST: MID SPATIAL FREQUENCY:
0750
Al A2 ~A3 A4 A5 A6 A7 A8
SUMMAT











20 20 20 04 1 9













5 5 0 10 0 0
PMAT
Al 0.50 005 035
,1
,~7
0 u>. 0,/c2 000 025 OoC oco
A2 0l5 050 035 025 0.50 0U) 0% OCO 0 10
A3 045 005 050 005 0J5 ooo 05S OCO OCO
A4 100 0,75 050 075 OCO PAS 0 05 O.CO
A5 010 0.50 0*>5 025 050 000 OYi 0O5 ace
A6 1.00 |00 /.a1 100 i.OO
0,50' {.00 045 0 95
A7 0,75 QI0 0,65 0/5 0/5 000 0.50 OcG 000
A8 I.OO 1.00 1(7 095 015 0 55 i.OO 0 50 0l">
A9 1,00 C9C I.OO /.00 1,0} COS LOO 005 050
ZMAT
Al 0,00 -1.4 9)5/ -200 -/i? -200 7367 -7.CC '2.00
A2 1,64 000 l.6f -067 OOC -2C0 I.J255 -200 -t.$
A3 0221 3,4 OOC -174 4(4 -200 *$ -200 2.00
A4 0.00 067 ftf. ooc oQf -2CC 1,04 -1.64 -2.C0





200 OlOO 2.CQ 4)5 /./4
067 -1$ Q97 44 404 -200 0.00 -233 7.00
2.00 200 702 '4 /,64 Q,)3 2.00 OCO /#
2.00 /.4 7,00 2.C0 20) 404 2.07 464 000
SCLMAT //J Aj? (Oj 43? 2 -75 43,51 fog -|705 4?.fl)
Al A2 A3 A4 A5 A6 A7 A8 A9
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Z SCALE POSITIONS OF PAIRED-COMPARISON
RAW DATA
CONTRAST: IA1D SPATIAL FREQUENCY: /
0'50 ED6E SHARPNESS DISCRIMINATION




10 4 2 0
16 10 17 II
0 2
1 15 0 1
1Z 3/0050902






9 20 /9 4 IO 70 io
A- 0 IO 0
20 20 20 70 4 IO ?Q Id ifl
A9 /8 17 / /& /? 9 19 2 10
PMAT
Al 030 020 040 0/0 072 (700 04) oco 0/0
A2 0*0 050 0^5 0.55 0 55 005 o, 75 oco 0/5
A3 0.60 015 050 0.00 040 OCO 045 Ooo oio
A4 0,90 055 700 050 060 005 Oft) 060 010
A5 0.J0 045 0,60 04) 0,50 045 075 005 0.10
A6 LOO 095 /.CO 095 09^ 050 700 0.50 0 55
A7 0,60 025 055 020 0/5 0,oo 0,50 000 005
A8 AflO 1.00 /,00 1-60 095 057) 604 050 090
A9 0.90 0$5 0,90 090 040 045 0,45 010 050
ZMAT
Al 0.00 -o.u -025 72? 9)52 -2.60 -025 '2,00 -\n
[\%4 000 104 0)5 0/3 -764 067 -200 5.04
075 4.04 0.00 -2C0 -025 2.00 7)/3 -2,00 -/JX
f2X 9)./3 700 000 025 3.64 0,34 2.00 -/2ft
05? -{M 025 425 000 2124. 024 404 5.2%
200 1.(4 700 1.64 1.64 OcO 20) O.OO 0/3
075 -0.61 0/3 -QU -/.04 200 000 -200 0/5
700 ?G0 2.00 2.0 '24 200 000 125
I2K 104 1.2% 121 1.2$ -0)3 -0/3 -/2ft 000
SCLMAT 7542 /.37 & Q-^ 3j3 "/r5 6^ ^ 462
Al A2 A3 A4 A5 A6 A7 A8
112
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